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ABSTRACT 
The o b j e c t i v e s  o f  t h i s  mu1 t i d i  s c i  p l  i nary i n t e r i n s t i t u t i o n a l  r eg iona l  
s tudy  on  t he  e f f i c i e n t  use o f  wa te r  f o r  i r r i g a t i o n  i n  the  upper Fl idwest were: 
( 1 )  t o  determine parameters needed f o r  e x i s t i n g  o r  improved models o f  c rop  
response; ( 2 )  t o  r e l a t e  y i e l d  response t o  c o s t s  and revenues by assess ing t he  
wa te r  demand f o r  i r r i g a t i o n ;  and ( 3 )  t o  study t h e  demand f o r  i r r i g a t i o n ,  
p resen t  and p ro jec ted ,  and i t s  a v a i l a b i l i t y  as r e l a t e d  t o  p u b l i c  a l l o c a t i o n  
dec is ions .  
From t h i s  s e r i e s  o f  s tud ies  i t  was concluded t h a t :  ( 1 )  There a r e  many 
areas o f  the Midwest w i t h  s u f f i c i e n t  groundwater and sur face  wate r  resources 
t o  suppor t  the  development o f  i r r i g a t i o n .  ( 2 )  So i l  mo is tu re  models i n d i c a t e  
t h a t  on ly  moderate y i e l  d response t o  i r r i g a t i o n  can be expected on h i g h  
mo i s tu re  s o i l s ;  on l i g h t e r  s o i l s  and c laypan s o i l s ,  y i e l d  response i s  
s i g n i f i c a n x ,  even i n  reg ions  w i t h  r e l a t i v e l y  h i gh  p r e c i p i t a t i o n .  ( 3 )  
I r r i g a t i o n  and drainage on c laypan s o i l s  can d r a m a t i c a l l y  inc rease  c o r n  
y i e l  ds. ( 4 )  It appears economical l y  wo r thwh i l e  f o r  t he  i n d i v i d u a l  farmer  
ope ra t i ng  on moderate s o i l s  o r  on c laypan s o i l s  t o  eva lua te  c a p i t a l  
investments  i n  i r r i g a t i o n  a1 ong w i t h  o t h e r  c a p i t a l  investments.  ( 5 )  Inc reases  
i n  y i e l d s  and pe rs i s tence  o f  a l f a l f a  due t o  i r r i g a t i o n  appear t o  be 
i n s i g n i f i c a n t  when compared t o  convent ional  management p rac t i ces ;  f u r t h e r  
research i s  needed. A p o t e n t i a l  , however, appears t o  e x i  s t  f o r  improv ing  
adap ta t i on  o f  a1 fa1 f a  v a r i e t i e s  t o  s o i l  wa te r  d e f i c i t s .  
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I. INTRODUCTION 
PROJECT BACKGROUND 
I n  August 1977, d i r e c t o r s  o f  wa te r  research i n s t i t u t e s  o r  t h e i r  
r ep resen ta t i ves  from I n d i  ana, Iowa, I 1  li no i  s, Minnesota, and W i  scons in  met t o  
make p r e l i m i n a r y  p lans toward the  development o f  a  reg iona l  p r o j e c t  t o  
eva lua te  the  e f f i c i e n t  use o f  wa te r  f o r  i r r i g a t i o n  i n  t he  upper Midwest. I t 
was agreed t h a t  t h e r e  was an u rgen t  need f o r  such a res iona l  p r o j e c t  because 
o f  the r a p i d  expansion o f  i r r i g a t i o n  i n  t h e  Midwest and the  absence o f  i n f o r -  
mat ion  on t he  techniques and impacts o f  i r r i g a t i o n  i n  t h e  reg ion .  To conduct 
t h i s  research as e f f i c i e n t l y  and as q u i c k l y  as poss ib le ,  a  reg iona l  approach 
was proposed. Each s t a t e  i n s t i t u t e  agreed t o  p resen t  i t s  ideas i n  October  t o  
the  d i  r e c t o r  o f  the  I 1  1  i no i  s  Water Resources Center.  Proposals were rece ived  
from f o u r  o f  the  f i v e  s ta tes  and those proposals  were i n t e g r a t e d  i n t o  one 
reg iona l  proposal and submit ted t o  the  O f f i c e  o f  Water Research and 
Techno1 ogy. 
There were severa l  broad o b j e c t i v e s  t h a t  the  reg iona l  p r o j e c t  would 
address. The p r o j e c t  woul d: 
1. Determine parameters needed f o r  e x i s t i n g  o r  improved models o f  crop 
y i  e l  d  response t o  water.  
2 .  Re la te  y i e l d  response t o  cos t s  and revenues by assessing t h e  water  
demand f o r  i r r i g a t i o n .  
3 .  Study t he  demand f o r  i r r i g a t i o n ,  p resen t  and p ro jec ted ,  and wate r  
a v a i l a b i l i t y  as r e l a t e d  t o  p u b l i c  a l l o c a t i o n  dec is ions.  
THE PROBLEM AND RESEARCH NEEDS 
Increased v a r i  ab i  1  i ty o f  weather condi t i o n s  du r i ng  t he  p a s t  few years  has 
increased t h e  economic oppo r tun i t y  t o  i n c l u d e  i r r i g a t i o n  sys tems i n  a g r i c u l -  
t u r a l  opera t ions  i n  t h e  upper Midwest. The increase i n  weather v a r i a b i l i t y  
has been accompanied by a  pe r iod  o f  r i s i n g  land p r i ces  and operat ing costs. 
The h igher  r i s k  r e s u l t i n g  from these changing cond i t ions  has encouraged the 
r a p i d  adopt ion o f  i r r i g a t i o n  systems by farmers i n  the  region. Social and 
economic research has no t  been undertaken t o  assess these changing cond i t ions .  
I t  i s  essent ia l  t o  prov ide research i n fo rma t ion  f o r  farm managers and p u b l i c  
o f f i c i a l s  responsible f o r  the prudent development and use o f  water suppl ies.  
Th i s  problem has been i d e n t i f i e d  as a  h igh  p r i o r i t y  research issue by 
water  exper ts  and p o l i t i c a l  leaders. The Department o f  the  I n t e r i o r ' s  O f f i c e  
o f  Water Research and Technology (OWRT) r e f e r r e d  t o  the research needed on 
" increased supplemental i r r i g a t i o n  i n  the  more humid p a r t s  o f  the  country  t o  
compensate f o r  the  decreased crop product ion  t h a t  might  be experienced i n  the 
West because o f  dwind l ing  water suppl ies"  under perceived research needs i n  
reference t o  water  conservat ion. OWRT a l so  i nd i ca ted  t h a t  research needs 
i nc lude  "examination o f  the  consequences o f  supplemental i r r i g a t i o n  t o  the  
economy i n  r e l a t i o n  t o  food r e l i a b i l i t y  and shor t -  and long-term groundwater 
and s o i l  e f f e c t s "  under drought research needs. These OWRT p r i o r i t i e s  were 
developed by the 1979 T i t l e  I Water Research Programs from several d i f f e r e n t  
sources. 
Technological advances o f  the l a s t  century have made many o f  man's 
a c t i v i t i e s  seemingly immune t o  the vagaries o f  weather and c l imate .  A severe 
weather event--a drought, a  f lood,  o r  an immobi l i z ing  b l i zzard- -prov ides  an 
occasional reminder, however, t h a t  our p r o t e c t i o n  from the  elements i s  f a r  
from t o t a l .  Although few i n  our l a r g e l y  urban society  r e a l i z e  it, c l i m a t e  and 
weather a f f e c t  man d a i l y  through the one commodity t h a t  he cannot do 
w i  thout--food. Th is  p o i n t  may be brought  f o r c i b l y  home pe r iod i ca l  l y  because 
o f  severe and widespread droughts somewhere i n  the  worl d. However, nonsevere 
cond i t ions ,  perhaps on l y  s l i g h t l y  l e s s  than optimum weather cond i t ions ,  a re  
r e f l e c t e d  i n  our  urbanized soc ie t y  i n  smal l e r  food supp l ies  and l a r g e r  food 
b i  1  1  s  because o f  reduced crop product  i ' v i  ty . Weattier i s now becomi ng 
recognized as the  l i m i t i n g  f a c t o r  a g a i n s t  f u r t h e r  ma jo r  gains i n  na t i ona l  
a g r i c u l t u r a l  p roduc t ion .  
Wi th  t he  con t i nu ing  increase i n  t he  w o r l d ' s  popu la t i on  t h e r e  i s  an ever-  
growing need f o r  an increase i n  bo th  food  supp l ies  and the  s t a b i l i t y  o f  those 
food suppl ies.  Among t h e  main conc lus ions drawn by a  spec ia l  s tudy group o f  
t he  Na t i ona l  Research Counci l  were: 
1. F l u c t u a t i o n  i n  weather and c l i m a t e  i s  a  ma jo r  cause o f  season-to- 
season v a r i a t i o n  i n  food p roduc t ion .  
2. V a r i a b i l i t y  i n  c l i m a t e  ove r  pe r i ods  o f  a  season t o  a  few years  i s  
more impo r tan t  than  long- term t r ends  because i t  i s  more d i f f i c u l t  f o r  
a g r i c u l t u r e  t o  respond t o  sho r t - t s rm  changes. 
Crop p roduc t i on  i s  s e n s i t i v e  t o  many c l i m a t i c  f ac to r s ,  b u t  f o r  most food 
c rops  growing-season p r e c i p i t a t i o n  i s  t he  most impor tan t .  I n  many p a r t s  o f  
t he  w o r l d  w i t h  good s o i l s ,  a  l i m i t a t i o n  on a g r i c u l t u r e  i s  t he  a v a i l a b i l i t y  o f  
water.  I n  many o f  these areas g r e a t e r  o v e r a l l  p r o d u c t i v i t y ,  e i t h e r  of 
e x i s t i n g  crops o r  through m u l t i p l e  cropping,  would be poss ib l e  i f  t h e r e  were a  
more adequate and r e l i a b l e  wate r  supply. Even smal l  increases i n  wate r  c o u l d  
p rov ide  s i g n i f i c a n t  b e n e f i t s  t o  these areas, p a r t i c u l a r l y  i f  t he  inc reases  
were more cons i s ten t .  Thus, b e n e f i t s  c o u l d  be r e a l i z e d  no t  on l y  i n  pe r i ods  o f  
c l i m a t i c  s t r e s s  b u t  a l s o  i n  t imes o f  normal o r  near normal p r e c i p i t a t i o n  i f  
t h e  p rec i  p i  t a t i o n  coul  d  be increased ( H u f f  and Changnon, 1972 1. 
I r r i g a t i o n  t o  increase t he  crop wate r  has t he  p o t e n t i a l  f o r  p rov id i ng ,  
s i g n i f i c a n t  b e n e f i t s  t o  a g r i c u l t u r e  by: 
1. I nc reas ing  y i e l  ds i n  most years  s i nce  t h e  p r e c i p i t a t i o n  i s  l e s s  
than  t h a t  needed f o r  optimum produc t ion .  
2. Decreasing the  year - to -year  v a r i a t i o n s  i n  product ion.  
3. P r o v i d i n g  temporary r e l i e f  from t h e  s t resses  o f  drought.  
The f i r s t  two c o n t r i b u t e  the  g r e a t e s t  b e n e f i t s  because o f  t he  o v e r a l l  i nc rease  
i n ,  and g r e a t e r  s t a b i l i t y  o f ,  food supply. It i s  doub t f u l  t h a t  i r r i g a t i o n  i n  
t h e  upper Midwest can p rov ide  ma jo r  r e l i e f  i n  severe and ex tens ive  ( t i m e  and 
a rea)  droughts,  which a r e  u s u a l l y  assoc ia ted  w i t h  p e r i o d i c  changes i n  ma jo r  
weather pa t te rns ,  un less  ma jo r  wa te r  s to rage  devel opments were cons t ruc ted .  
However, p a s t  s t ud ies  and those i n  progress i n d i c a t e  t h a t ,  i n  t h e  upper 
Midwest, i r r i g a t i o n  may a1 l e v i  a t e  the  s t r esses  o f  moderate droughts  and 
p o s s i b l y  may a1 so p rov ide  some 1  ocal eas ing  o f  c o n d i t i o n s  i n  ma jo r  droughts.  
I n d i c a t i o n s  o f  a  changing, more v a r i a b l e  c l i m a t e  and t he  con t inued  
ser iousness o f  t he  w o r l d  food s i t u a t i o n  have awakened concern ove r  t h e  impact 
o f  weather i n  the  Midwest, t h e  n a t i o n ' s  most impor tan t  a g r i c u l t u r a l  area. 
Blessed w i t h  g e n e r a l l y  good s o i l s ,  t h i s  r e g i o n  a l s o  has a  subhumid c l i m a t e  t h a t  
i n  most years  p rov ides  adequate, a l though p o s s i b l y  n o t  always op t ima l ,  mo i s tu re  
f o r  food crop p roduc t ion .  The con t i nen ta l  c l i m a t e  i s  a l s o  q u i t e  v a r i a b l e  so 
t h a t  season-to-season r a i n f a l l  can vary  cons ide rab l y  and, w i t h  it, crop  y i  e l  ds. 
I n t e r e s t  has heightened i n  i r r i g a t i o n  as a  p o t e n t i a l  means t o  inc rease  
midwestern y i  e l  ds. Recent s tud ies  c m p a r i  ng crop y i  e l  ds t o  r a i n f a l l  have shown 
t h a t  a  r e l a t i v e l y  smal l  (10 t o  20%) inc rease  i n  growing season r a i n f a l l  c o u l d  
produce 5 t o  10% inc reases  i n  midwestern c rop  y i e l  ds. Moreover, management o f  
t he  crop wate r  supply would he1 p  s t a b i l i z e  p roduc t i on  v a r i a b i l  i ty. 
Moderate t o  severe summer droughts  t h a t  developed i n  t he  c e n t r a l  p o r t i o n s  
o f  the  Corn Be1 t i n  1974, 1975, and 1976 l e d  l o c a l  farm u n i t s  i n  Iowa, 
Minnesota, Ind iana ,  and I 1  li no i  s  t o  inc rease  i r r i g a t e d  acreage s u b s t a n t i a l  ly. 
Desp i te  the  c u r r e n t  economic u n c e r t a i n t i e s ,  a g r i c u l t u r a l  groups have t ime and 
aga in  perce ived p o t e n t i a l  b e n e f i t s  as be ing  l a r g e  r e l a t i v e  t o  t he  cos t ,  and 
have taken the r i s k  o f  i n v e s t i n g  i n  i r r i g a t i o n  systems. I r r i g a t i o n  i n  the  
upper Midwest expanded i n  1977 beyond expec ta t ions .  However, h i g h  i n t e r e s t  
ra tes ,  l o w e r  wa te r  t a b l e s  i n  t he  Grea t  P la i ns ,  andl l ow com~nodi ty p r i c e s  i n  t h e  
e a r l y  e i g h t i e s  have reduced t he  growth o f  i r r i g a t i o n  c o r ~ s i d e r a b l y  i n  t he  
Midwest. 
THE STUD IE S  SUMIYARI ZED 
The f o l l o w i n g  sec t i ons  summarize t h e  s tud ies  o f  i r r i g a t i o n  i n  t h e  upper 
Midwest c a r r i e d  o u t  by t he  U n i v e r s i t y  o f  Iowa, U n i v e r s i t y  o f  I l l i n o i s ,  Purdue 
U n i v e r s i t y ,  and t he  U n i v e r s i t y  o f  Minnesota. These sec t i ons  a re  o n l y  
summaries, compi led w i t h  t he  i n t e n t i o n  o f  p r o v i d i n g  an overv iew t o  t h e  e n t i r e  
p r o j e c t .  F o r  d e t a i l e d  i n f o r m a t i o n  on any o f  t he  t op i cs ,  t h e  reader  shou ld  
c o n t a c t  the  p a r t i c u l a r  researcher  o r  t h e  r e p o r t  noted a t  t h e  beg inn ing  o f  each 
s e c t i o n  o r  1  i sted  i n  t he  s e c t i o n  P u b l i c a t i o n s  R e s u l t i n g  f rom P r o j e c t  Research. 
I I. AVAILABILITY OF WATER FOR IRRIGATION I N  THE UPPER MIDWEST* 
The ques t i on  o f  wa te r  a v a i l a b i l i t y  f o r  i r r i g a t i o n  i n  t h e  upper midwest 
s t a t e s  i s  c e n t r a l  t o  t he  cont inued expansion o f  i r r i g a t i o n  i n  t h i s  reg ion.  
Even though t h i s  r e g i o n  i s  cons idered t o  b2 l a r g e l y  a  wate r  su rp lus  reg ion ,  
t h e r e  a re  l i m i t s  t o  t he  volume o f  water  t h a t  can be used f o r  b e n e f i c i a l  uses. 
The purpose o f  t h i s  chap te r  i s  t o  p resen t  t he  a1 t e r n a t i v e  wate r  supp l i es  f o r  
i r r i g a t i o n  and t o  d i  scuss the  subregions where adequate wate r  supp l i es  coul  d  
be a v a i l a b l e  f o r  expansion o f  i r r i g a t i o n  development. T h i s  chap te r  w i l l  n o t  
d iscuss  the  wate r  law and wate r  a l l o c a t i o n  systerns used by t h e  v a r i o u s  s ta tes .  
These laws, ru les ,  and r e g u l a t i o n s  can o v e r r i d e  t he  phys ica l  system a n a l y s i s  
descr ibed i n  t h i s  chapter .  
IRRIGATION USE 
U n l i k e  wate r  use by m u n i c i p a l i t i e s ,  t he  use o f  wa te r  f o r  i r r i g a t i o n  i s  
cons idered a  consumptive use s ince  most o f  t he  wate r  i s  d i s s i p a t e d  by evapo- 
r a t i o n  from the  s o i l  and evapo t ransp i ra t i on  by t he  p lan ts .  Large wi thdrawal  
r a t e s  a r e  a l so  needed f o r  i r r i g a t i o n .  I n  1975 i r r i g a t i o n  had t he  l a r g e s t  
wi thdrawal (158,743 mgd o r  6955 m3/sec) and t he  l a r g e s t  consumption (86,391 
mgd o r  3785 m3/sec) o f  wa te r  i n  t he  Un i ted  S ta tes  o f  a l l  f u n c t i o n  uses (U.S. 
Water Resources Counci 1  , 1978). Tota l  wa te r  wi thdrawal s  f o r  i r r i g a t i o n  i n  t he  
Un i ted  States a r e  p r o j e c t e d  t o  decrease by t he  yea r  2000, b u t  t he  t o t a l  
consumption i s  p r o j e c t e d  t o  increase.  Th i s  i s  due t o  expected improved 
e f f i c i e n c i e s  i n  i r r i g a t o r  wa te r  use. Much o f  t he  new i r r i g a t i o n  development 
i n  t he  upper Midwest uses s p r i n k l e r  i r r i g a t i o n  w i t h  l i t t l e  o r  no i r r i g a t i o n  
*This s e c t i o n  surrllr~arizes t he  research o f  T. A. Aust in:  and J. Golch in :  
repor ted  i n  Chapter 2  o f  E f f i c i e n t  Use o f  Water f o r  ~ E r i ~ a t i o n  i  ~ h e ' u ~ ~ e r  
Midwest, ISWRRI-117, Iowa S ta te  Uni~rsity,s~~, June 1981. - 
r e t u r n  f lows. Thus, a  h i gh  percentage o f  t h e  water  wi thdrawn f o r  i r r i g a t i o n  
w i l l  be consumed f o r  i r r i g a t i o n  i n  t h i s  reg ion .  According t o  t h e  U.S. 
Geolog ica l  Survey (Murray and Reeves, 1972), a  t o t a l  o f  221,000 a c . f t .  
(272.5 x 106m3) o f  wa te r  was withdrawn f o r  i r r i g a t i o n  i n  t h e  upper Midwest 
(Minnesota, Iowa, Wisconsin, I l l i n o i s ,  and I nd iana )  i n  1970, w i t h  a lmost  100 
percen t  be ing consumed o r  l o s t  du r i ng  conveyance. About 77 percen t  o f  t he  water  
wi thdrawals  were from groundwater sources. Since much o f  t h e  i r r i g a t i o n  i n  t h i s  
r eg ion  i s  "supplemental ," i n  t h a t  i t  may n o t  be necessary every year ,  exac t  data 
on wate r  w i thdrawa ls  f o r  i r r i g a t i o n  i n  any y e a r  a r e  d i f f i c u l t  t o  ob ta in .  
Expansion i n  t h e  number o f  i r r i g a t e d  acres i n  t he  upper Midwest has been 
dramatic i n  t he  recen t  years.  Table 2.1 shows the  est imated i r r i g a t e d  acreage 
and the  i r r i g a t e d  acreages us ing  s p r i n k l e r s  f o r  t h e  years 1966 t o  1979. I n  
many s ta tes  a ma jo r  expansion i n  i r r i g a t e d  acres has occurred s i nce  1975. Fo r  
example, i n  Iowa the  e s t i ~ i l a t e d  i r r i g a t e d  acres expanded 231 pe rcen t  f o r  1975 
t o  1979. 
I n  t h e  s i x  s t a t e s  i nc l uded  i n  t h i s  study, about 1.25 m i l l i o n  acres 
(5060 km2) a r e  est imated t o  have been under i r r i g a t i o n  i n  1977 (Tab le  2.2). 
About 55 percen t  o f  t h i s  l and  was i r r i g a t e d  by s p r i n k l e r  i r r i g a t i o n  from 
groundwater. Average a p p l i c a t i o n  r a t e s  v a r i e d  f r a n  5.4 i nches l yea r  (137 mmlyr) 
i n  Wisconsin t o  10.2 i nches l yea r  (260 mmlyr) i n  Ind iana.  
GROUNDWATER RESOURCE S 
Groundwater resources have always been one o f  the  most impo r tan t  wa te r  
supp l ies  i n  t h i s  reg ion .  As t he  demand f o r  qual i ty wate r  increases,  more 
a t t e n t i o n  w i l l  need t o  be d i r e c t e d  toward groundwater management. E f f e c t i v e  
management o f  groundwater r equ i res  knowledge o f  b o t h  i t s  a v a i l  a b i l  i ty and 
qual i ty, which i s  dependent mos t l y  on t h e  s t r u c t u r e  o f  the  geo log i ca l  
fo rmat ions  i n  the reg ion  and the m a t e r i a l  composi t ion o f  these fo rmat ions .  
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Table  2.2 Estimated I r r i g a t e d  Acres f o r  Upper Midwest Regions by Method 
of A p p l i c a t i o n  and Source of Water ( A f t e r  I r r i g a t i o n  J o u r n a l ,  1979) 
Water I r r i g a t e d  Acres 
A p p l i c a t i o n  Method of 
S t a t e  i n/yr  A p p l i c a t i o n  Sur face  Water Groundwater 
- 
I l l i n o i s  8.2 
I ndi ana 10.2 
I owa 7.0 
Minnesota 9.5 
Mi s s o u r i  6.0 
Wisconsin 5.4 
S p r i n k l e r  
Fl ood 
S p r i n k l e r  
Subsur face  
S p r i n k l e r  
F 1 ood 
S p r i n k l e r  
S p r i n k l e r  
F 1 ood 
Drip  
S p r i n k l e r  
F 1 ood 
Dr ip  
Regional Total  s S p r i n k l e r  334,265 692,250 
F 1 ood 20,200 204,605 
Dr ip  100 4 60 
Subsur face  5,000 - 
An a q u i f e r  i s  a  geo log ica l  f o rma t i on  t h a t  con ta ins  and t r a n s m i t s  
s u f f i c i e n t  q u a n t i t i e s  o f  water  f o r  economical development. Aqu i f e r s  can be 
descr ibed and c l a s s i f i e d  i n t o  those t h a t  a r e  unconsol idated and those t h a t  a re  
conso l ida ted  o r  bedrocks. 
Groundwater i n  t h e  upper midwest r e g i o n  occurs i n  a  v a r i e t y  o f  bo th  
unconsol idated and bedrock aqui f e r s .  The most s i g n i f i c a n t  unconsol idated 
a q u i f e r s  a r e  a1 l u v i a l  depos i ts  assoc ia ted  w i t h  t he  c u r r e n t  r i v e r  system, 
g l a c i a l  outwash sand and gravel  deposi ts ,  and g l a c i a l  d r i f t .  Some bedrock 
format ions o f  l imestone,  dolomite,  and sandstone a r e  usable a q u i f e r s  i n  t he  
reg ion .  F i g u r e  2.1 i s  a  map o f  t he  upper midwest r eg ion  showing t h e  l o c a t i o n s  
o f  the  major  a q u i f e r s .  The capab i l  i ty o f  i n d i v i d u a l  a q u i f e r s  t o  y i e l  d  
s u f f i c i e n t  q u a n t i t y  o f  water  w i t h  good qua1 i ty i s  somewhat v a r i a b l e  from p l a c e  
t o  p l ace  i n  t he  reg ion .  Thus, t he  groundwater a v a i l a b i l i t y  from a  p a r t i c u l a r  
a q u i f e r  i n  a  p a r t i c u l a r  spo t  cannot be t o t a l  l y  reg iona l i zed .  Tes t  d r i l  l i n g  and 
pumping a t  i n d i v i d u a l  s i t e s  w i l l  be r e q u i r e d  t o  assess accura te  groundwater 
q u a n t i t i e s  and wi thdrawal  ra tes .  
G l  a c i  a1 Deposi t s  
The g l a c i a t e d  area i n  t he  reg ion  i s  p a r t  o f  the c e n t r a l  g l a c i a t e d  reg ion  
t h a t  e x i s t s  between t he  no r the rn  Rocky Mountains on t he  west and t he  Appalachian 
Mountains on t he  east ,  and between t he  Canadian border  on t h e  n o r t h  and 
ung lac i  a ted c e n t r a l  r e g i o n  on t he  south (Thomas, 1952).  W i t h i n  these 
boundaries, t h e  on l y  a rea  i n  t he  s tudy r e g i o n  n o t  inc luded  i s  t he  smal l  
d r i  f t l e s s  area o f  southwestern Wisconsin, southeastern Minnesota and t h e  
extreme nor theas t e r n  Iowa. G l  a c i  a1 sand and gravel  depos i ts  a r e  impo r tan t  
a q u i f e r s  i n  t he  s tudy reg ion,  b u t  i n  general  do no t  y i e l d  s u f f i c i e n t  q u a n t i t i e s  
o f  water  f o r  la rge-sca l  e  i r r i g a t i o n  devel opment. 
A l l u v i a l  D e ~ o s i t s  
A l l u v i a l  depos i ts  o f  subs tan t i a l  w i d t h  and th ickness  and moderate-to-high 
p e r m e a b i l i t y  a r e  found on l y  a long the  ma jo r  streams and r i v e r s  i n  t he  s tudy 
area. The most impo r tan t  w i t h i n  t he  r e g i o n  a r e  those a1 ong t he  l owe r  
M issou r i  R i v e r  and i t s  assoc ia ted t r i b u t a r i e s  i n  Iowa and Missour i ,  t h e  upper 
M i s s i s s i p p i  R i v e r  and t he  s t r e t c h  o f  t he  Ohio R i v e r  between I nd iana  and 
Kentucky (Meinzer, 1940). The M i s s o u r i  and Ohio R ivers  run  approx imate ly  
a long  t he  boundary between t he  g l a c i a t e d  and ung lac ia ted  c e n t r a l  reg ions.  
The a1 luv ium depos i t s  a1 ong these r i v e r s  a r e  good aqu i f e r s  n e a r l y  everywhere 
a long  t he  f l o o d  p l a i n s .  
A1 l u v i a l  depos i ts  a1 ong t he  ma jo r  r i v e r s  a re  o f t e n  we1 1 graded coarse 
sands and g rave ls  rang ing  i n  th ickness  up t o  100 f e e t  (30.5 m) o r  more. These 
format ions a r e  o f t e n  e a s i l y  recharged from t h e  r i v e r s .  These a1 l u v i a l  
aqui f e r s  appear t o  have the  p o t e n t i a l  wa te r  supply t o  pe rm i t  expansion o f  
i r r i g a t i o n  a1 ong t he  f l o o d  p l a i n s  o f  t he  ma jo r  r i v e r s .  Cost  may p reven t  t h e  
development o f  a1 l u v i a l  depos i ts  f o r  i r r i g a t i o n  o f  upland s i t e s  because o f  t he  
added pumping and p i  pe l  i ne expenses. 
Bedrock Aqui f e r s  
Consol idated rock format ions can, under c e r t a i n  condi t i ons ,  s t o r e  and 
t r a n s m i t  s u f f i c i e n t  q u a n t i t i e s  o f  wa te r  t o  be c l a s s i f i e d  as an aqui f e r .  
Sedimentary rock u n i  ts--such as 1 imestone, sandstone and do1 mi tes - -a re  most 
f r e q u e n t l y  aqu i f e r s .  
F i g u r e  2.2 shows t he  bedrock u n i t s ,  by geo log ica l  age groups, t h a t  e x i s t  
immediate ly  below the  s u r f i c i a l  cover. The arrows on F i g u r e  2.2 i n d i c a t e  t he  
d i r e c t i o n  o f  the s lope ( d i p )  on t h e  u n i t s .  The legend shows the  geo log ica l  
age groups arranged from the  most r ecen t  age rocks (Quatenary)  t o  t he  o l d e s t  
age rocks ( l o w e r  ~ r e c a m b r i a n ) .  A t  any 1 oca t ion ,  t h e  bedrock u n i t s  o f  e a r l i e r  
age than  those shown i n  F i g u r e  2.2 e i t h e r  have been eroded away o r  never  
ex i s ted .  F o r  example, i n  c e n t r a l  I 1  li n o i s  t h e  l a t e s t  age rock u n i t s  a r e  o f  
Pennsy lvanian age. Quatenary,  Eocene, and Cretaceous rocks do n o t  e x i s t  i n  
c e n t r a l  I 1  li noi  s. However, a1 1 rock  u n i t s  01 de r  than Pennsylvanian age shoul d  
b e  found i n  c e n t r a l  I l l i n o i s .  
I n  t he  r e g i o n  as a whole, t h e  l imes tone  a q u i f e r s  a r e  t he  most p r o d u c t i v e  
s i n g l e  t ype  o f  bedrock format ion,  though t h e  sandstone o f  t h e  d r i f t l e s s  area 
i s  l o c a l l y  capable o f  h i g h  y i e l d s  t o  i n d i v i d u a l  we l l s .  
Cavernous l imes tone  i s  a  somewhat u n c e r t a i n  a q u i f e r .  A w e l l  t h a t  
pene t ra tes  a cavernous zone may have a very  l a r g e  y i e l d  w h i l e  one a s h o r t  
d i s t ance  away, a  we1 1 may y i e l  d  l i t t l e  o r  no th ing .  Furthermore, a  l a r g e  y i e l d  
may n o t  i n d i c a t e  a l a r g e  s torage capac i t y  i n  t he  rock. Geolog ica l  s t u d i e s  o f  
carbonate rocks i n d i c a t e  t h a t  newly formed carbonate rock  has l i t t l e  o r  no 
capac i t y  t o  s t o r e  o r  t r a n s m i t  wa te r  (Meinzer,  1940; U.N., 1976). Some u n i t s  
have been transformed i n t o  impo r tan t  aqu i f e r s ,  however, as a r e s u l t  o f  
r e c r y s t a l l i z a t i o n  (i .e., t h e  development o f  a  system o f  f r a c t u r e s  i n  t h e  rock )  
and through s o l u t i o n  o f  the rock by weak ac ids.  Limestone a q u i f e r s  g e n e r a l l y  . 
have r a t h e r  smal l  s torage capac i t y  b u t  g r e a t  c a p a c i t i e s  t o  t r a n s m i t  water .  
Success i n  o b t a i n i n g  a wa te r  supply  f rom a l imes tone  a q u i f e r  o r d i n a r i l y  
depends on whether t h e  we1 1 i n t e r s e c t s  one o r  more s o l u t i o n  channel s  o r  open 
f r a c t u r e s .  Do1 m i t e ,  a1 so a carbonate rock, may have a moderate ly  h i g h  
capac i t y  t o  s t o r e  wate r  and to y i e l d  i t  t o  w e l l s .  
Metarnorpt~ic and igneous rocks can be found i n  t he  no r the rn  and 
r~o r thwes te rn  p a r t  o f  t he  r e g i o n  ( F i g u r e  2.2). Few o f  these rocks (Precambrian 
age) can s t o r e  o r  t r a n s m i t  l a r g e  q u a n t i t i e s  o f  water. Most o f  these rocks a r e  
f r a c t u r e d  to sorne degree, however, and i n  some p laces may y i e l  d  enough wate r  
f o r  domestic needs. 
F i g u r e  2.1 shows t he  l o c a t i o n  o f  t he  ma jo r  sandstone and carbonate 
a q u i f e r s  i n  the  study reg ion.  Many o f  these rock u n i t s  a r e  capable o f  
p roduc i  r ~ g  s u f f i c i e n t  wa te r  f o r  i r r i g a t i o n  devel opment. 
Water Qua1 i ty 
The importance o f  an aqui f e r  i s usual l y  determined by i t s  y i  e l  d, s to rage  
c a p a b i l i t y ,  and the qual i ty o f  wa te r  w i t h i n  t he  a q u i f e r .  One a q u i f e r  may have 
a  l a r g e  storage capac i t y  and h igh  t r a n s m i t t i n g  a b i l i t y  b u t  be o f  such poor  
wa te r  q u a l i t y  t h a t  i t  cannot be used by some users. 
The water  q u a l i t y  c r i t e r i a  necessary f o r  i r r i g a t i o n  water  a r e  n o t  t he  
same as those f o r  d r i n k i n g  water .  The rnost impo r tan t  parameters i n  i r r i g a t i o n  
wate r  q u a l i t y  a r e  t o t a l  d i  ssolved s o l i d s  concen t ra t ion ,  t he  p r o p o r t i o n  o f  
sodium i n  r e l a t i o n  t o  o t h e r  ca t ions ,  and the  presence o f  t o x i c  i ons  such as 
boron. Water w i t h  t o t a l  d isso lved  s o l i d s  i n  excess o f  1500 t o  2000 m g l l  
shoul d  be c a r e f u l  l y  eval  l la ted f o r  use i n  i r r i g a t i o n .  The exchangeable sodium 
i n  t he  i r r i g a t i o n  must be balanced w i t h  t h e  o t h e r  exchangeable ca t i ons ,  
p r i m a r i l y  calc ium, magnesium, and potassium, i n  o rde r  t o  p reven t  t he  b u i l d u p  
o f  sodium i n  t he  r o o t  zone t o  p o t e n t i a l  t o x i c  l e v e l s .  
Conclusions 
Consider ing bo th  groundwater a v a i l  a b i l  i ty and groundwater qual  i ty i n  t he  
upper Midwest, t h e  most probable expansion o f  i r r i g a t e d  lands would be on 
lands  near a1 l u v i a l  a q u i f e r s  assoc ia ted w i t h  t he  ma jo r  r i v e r s  i n  t he  r e g i o n  o r  
i n  areas where bedrock a q u i f e r s  a r e  near  t he  surface. These areas c o u l d  
i n c l u d e  the  M issou r i ,  M i s s i s s i p p i ,  and Ohio R i v e r  f l o o d  p l a i n s  and 'assoc ia ted 
t r i b u t a r i e s .  Bedrock fo rmat ions  c o u l d  be used i n  southeastern Plinnesota, 
no r t heas te rn  Iowa, n o r t h  c e n t r a l  I 1  li no i  s, and eas te rn  Ind iana.  I r r i g a t i o n  
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Fig. 2.2. Geologic and hydrogeologic units of upper Midwest. 
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needs, b u t  the t i m i n g  o f  t he  p r e c i p i t a t i o n  may n o t  meet opt i l i la l  c rop 
requirements.  I n  southern I 1  li no i  s  and Ind iana ,  t h e  s o i l s  a r e  shal low w i t h  
1  l t t l e  mo is tu re  ho ld i ng  capac i ty ;  consequent ly,  i r r i g a t i o n  may be necessary i n  
these areas even though annual p r e c i p i t a t i o n  i s  q u i t e  high. M~lch o f  t he  
i r r i g a t i o n  i n  t he  upper midwest r e g i o n  w i l l  "supplement" t h e  annual 
p r e c i p i t a t i o n  i n  o rde r  t o  re1 i e v e  shor t - te rm crop mo i s tu re  s t r e s s  d u r i n g  the  
growing season and p rov ide  needed mo is tu re  du r i ng  p e r i o d i c  droughts.  Annual 
i r r i g a t i o n  demands rnay vary  f rom z e r o  up t o  15 inches/year  (320 mm/year), 
depending on p r e c i  p i  t a t i o n ,  s o i l  type and o t h e r  f ac to r s .  
Streams, Rivers ,  and Lakes 
D i r e c t  d i v e r s i o n  o f  wa te r  f rom streams, r i v e r s ,  and l akes  f o r  i r r i g a t i o n  
i s  poss ib l e  a long t he  major  r i v e r s  and assoc ia ted t r i b u t a r i e s ,  e s p e c i a l l y  i n  
t he  southern one - th i r d  o f  the  reg ion.  Care must be taken t o  eva lua te  t h e  
a v a i l a b i l i t y  o f  wa te r  f rom these r i v e r s  d u r i n g  extended d rought  per iods.  I n  
most o f  the  areas where d i r e c t  d i v e r s i o n  i s  poss ib le ,  sha l low a l l u v i a l  
a q u i f e r s  a re  a l so  ava i l ab le .  The l o c a t i o n  o f  t he  l a n d  t o  be i r r i g a t e d  i n  
r e l a t i o n  t o  the stream o r  r i v e r ,  and t he  c o s t  and r e l i a b i l i t y  o f  t he  su r f ace  
f l  ows w i l l  determi ne which source i s  most economical . 
Storage 
Ponds and r e s e r v o i r s  can be used t o  p rov ide  water  f o r  i r r i g a t i o n .  A pond 
can be used t o  s t o r e  wate r  du r i ng  h i g h  r u n o f f  t imes  f o r  l a t e r  i r r i g a t i o n  use. 
The volume o f  s torage needed f o r  i r r i g a t i o n  i s  a  f u n c t i o n  o f  t he  v a r i a b i l i t y  
o f  r u n o f f  i n  t he  area, t he  amount o f  l a n d  i r r i g a t e d ,  sediment t rapped i n  the  
pond, and evapora t ion  from the  pond. 
One poss ib l e  s o l u t i o n  which w i l l  p rov ide  an adequate volume o f  s torage 
f o r  sho r t -  o r  1  ong-term droughts i s  t o  c o n s t r u c t  a  pond t h a t  c o l  l e c t s  a1 1  t he  
r u n o f f  f rom a  g i ven  area. T h i s  wate r  can then  be used t o  i r r i g a t e  t he  c rop  
l a t e r  i n  the season. 
A p r e l  im ina ry  e v a l u a t i o n  o f  the  volume o f  o n - s i t e  pond s torage needed 
dur i r ig  a  c r i t i c a l  three-year  d rought  p e r i o d  i n  o rder  t o  p rov ide  va ry i ng  
amounts o f  i r r i g a t i o n  wate r  was conducted as p a r t  o f  t h i s  p r o j e c t .  T h i s  
e v a l u a t i o n  does no t  i n c l u d e  an a n a l y s i s  o f  t he  shor t - te rm s to rage  r e q u i r e d  
because o f  seasonal v a r i a t i o n s  i n  r a i n f a l l ,  b u t  i t  does account f o r  expected 
reduc t i ons  i n  p r e c i  p i  t a t i o n  and r u n o f f ,  and increases i n  pond evapo ra t i on  
du r i ng  a  c r i t i c a l  three-year  d rought  per iod .  No es t imate  o f  s e d i n ~ e r ~ t  s orage 
has been inc luded.  A s i m u l a t i o n  model was used to analyze the o n - s i t e  s torage 
r e q u i r e d  f o r  2  i nches l yea r  (42 mmlyr), 4 i nches l yea r  (84 mmlyr), and 6  inches1  
y e a r  (126 mmlyr) i r r i g a t i o n  a p p l i c a t i o n .  
Resu l t s  i n d i c a t e  t h a t  o n - s i t e  s to rage  o f  water  i n  smal l  ponds f o r  
i r r i g a t i o n  i s  poss ib le ,  b u t  i n  t he  no r the rn  two - th i r ds  o f  t h e  s tudy area, 
s u b s t a n t i a l  l and  must be s e t  as ide  f o r  t h e  pond. Local topography and 
sediment y i e l  ds must be c a r e f u l  l y  eva lua ted  i n  assessing t he  f e a s i b i l i t y  o f  
on-s i  t e  storage. 
Conclusions 
Adequate sur face  wate r  resources a r e  a v a i l  ab le  f o r  i r r i g a t i o n  
development, e s p e c i a l l y  i n  the  southern one-hal f  o f  t he  reg ion.  However, 
ca r r yove r  s torage o f  wa te r  b o t h  f o r  sho r t - t e rm  v a r i a t i o n s  w i t h i n  a  y e a r  and 
1  ong-term droughts  w i l l  probably  be needed. D i r e c t  d i v e r s i o n  w i l  l o n l y  be 
poss ib l e  f rom the  ma jo r  r i v e r s  o f  the  r e g i o n  and t h e i r  assoc ia ted t r i b u t a r i e s .  
On -s i t e  storage o f  wa te r  f o r  i r r i g a t i o n  can be done, b u t  i t  r e q u i r e s  
s i g n i f i c a n t  l and  and the  p roper  topographic  cond i t ions .  O f f  s t ream 
impoundments, where wate r  can be d i v e r t e d  from su r face  streams du r i ng  h i g h  
f lows,  can a l s o  be used t o  p rov ide  wate r  storage. 
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I n  an area such as Iowa where co rn  i s  grown under a  h i gh  l e v e l  o f  
management and o t h e r  f a c t o r s  such as f e r t i l i t y  a re  no t  l i m i t i n g ,  t h e  amount o f  
mo is tu re  a v a i l a b l e  t o  the corn  p l a n t  may be t he  l i m i t i n g  f a c t o r  de te rmin ing  
g r a i n  y i e l  d. Per iods o f  d rought  a r e  common i n  western Iowa and supplemental 
i r r i g a t i o n  may p rov ide  the  method f o r  reduc ing  o r  e l  i m i  n a t i n g  mo i s tu re  s t r e s s  
as an impor tan t  i n f l u e n c i n g  f a c t o r  i n  c o r n  y i e l d .  
OBJECTIVE S  AND PROCEDURES 
The general o b j e c t i v e  o f  t h i s  study was t o  d e f i n e  p r o b a b i l i t y  o f  s o i l  
mo i s tu re  shortage on se lec ted  s o i l s  and f o r  se lec ted  crops i n  t h e  upper 
Midwest. A wa te r  balance model (Anderson, 1975) was used t o  p r e d i c t  s o i l  
moi s t u r e  shortage a t  Doon watershed 1  ocated i n  Lyon county,  Iowa. The s o i l  s  
were Moody s i l  t - 1  oam, 2-5% s l  ope, and we1 1  drained. The No r th  watershed used 
i n  t he  study was under  co rn  and con tour -sur face  p lanted.  
The wate r  balance model was ca l  i b r a t e d  and evaluated by us ing  t he  
a v a i l a b l e  measured sur face  r u n o f f  a t  N o r t h  watershed (DeBoer and Johnson, 
unpubl ished data)  and repor ted  s o i l  mo i s tu re  da ta  by Shaw, e t  a1 . (1972). The 
model p red i c ted  su r f ace  r u n o f f  reasonably c l o s e  t o  t he  measured values. No 
s i g n i f i c a n t  d i f f e rence  was observed between t h e  top  f i v e - f e e t  s o i l  mo i s tu re  
repo r ted  by Shaw and those p red i c ted  by t h e  model f o r  blay, June and J u l y ;  
however, f o r  August and September, models p r e d i c t e d  lower  s o i l  mo i s tu re  values 
*This  s e c t i o n  summarizes the  research o f  Z. Shahvar; C.E. Anderson; and 
H.P. Johnson; repor ted  i n  Chapter 3 o f  E f f i c i e n t  ---- Use o f  Water f o r  I r r i g a t i o n  
i n  t h e  Upper Midwest, ISWRRI-117, Iowa S ta te  U n i v e r s i t y ,  Ames, I A ,  June 1981. 
--- 
t han  those repo r ted  by Shaw. 
Twenty-one yea rs  o f  t he  a v a i l a b l e  weather data (1958 - 1978) a t  t h e  
watershed then  were used i n  t he  model t o  determine t he  p r o b a b i l i t y  o f  mo i s tu re  
shortage, p r o v i d i n g  t h a t  mo i s tu re  shor tage occurs on days when t o t a l  s o i l  
mo i s tu re  i n  t he  t op  f i v e  f e e t  i s  l e s s  than  a  predetermined pe rcen t  o f  t he  
a v a i l a b l e  s o i l  mo i s tu re  value. The l e n g t h  o f  t he  s t r e s s  p e r i o d  was determined 
t o  be a  f u n c t i o n  o f  t he  i n i t i a l  s o i l  mo i s tu re  and growing season r a i n f a l l  f o r  
a  g iven  year .  Two rnoi s t u r e  l e v e l  c r i t e r i a  were used i n  t he  program as 
requirements f o r  schedul ing i r r i g a t i o n :  
1. Water was a p p l i e d  when t he  t o t a l  s o i l  mo i s tu re  i n  t h e  top 
f i v e  f e e t  f e l l  t o  50% o r  l e s s  a v a i l a b l e  mo i s tu re  (FC-WP) 
f o r  t he  top  f i v e  f ee t .  T h i s  w i l l  be r e f e r r e d  t o  as t he  
''50% c r i t e r i o n . "  
2. Water was a p p l i e d  when t he  t o t a l  s o i l  mo i s tu re  i n  t he  top 
f i v e  f e e t  f e l l  t o  70% o r  l e s s  a v a i l  ab le  mo i s tu re  va lue f o r  
t he  top  f i v e  f ee t .  T h i s  w i l l  be r e f e r r e d  t o  as t h e  "70% 
c r i t e r i o n . "  
The c r i t e r i a  were compared i n  terms o f  bo th  i r r i g a t i o n  a p p l i c a t i o n  
frequency and t he  t o t a l  inches o f  i r r i g a t i o n  wate r  a p p l i c a t i o n  by runn ing  t he  
program t w i c e  f o r  each y e a r  w h i l e  h o l d i n g  a1 1  o f  t he  parameters cons tan t  
except  the  mo i s tu re  l e v e l  a t  i r r i g a t i o n .  T h i s  comparison i s  i l l u s t r a t e d  i n  
F i g u r e  3.1 w i t h  t h e  nunierical values g i v e n  i n  Table 3.1. 
A comparison o f  t h e  amount o f  wa te r  used f o r  each c r i t e r i o n  and a  cons i -  
d e r a t i o n  o f  t he  beg inn ing  s o i l  mo i s tu re  and r a i n f a l l  i n d i c a t e  t h a t  t h e  l a r g e s t  
d i f f e r e n c e  i s  shown i n  1959 when 12.0 inches o f  wa te r  were used f o r  t he  70% 
c r i t e r i o n  and 4.0 inches o f  wa te r  were used under t h e  50% c r i t e r i o n .  The 
reason f o r  t h i s  d i f f e r e n c e  i s  t h a t  t he  l e v e l  o f  the beg inn ing  s o i l  mo i s tu re  
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50% c r i t e r i o n  (e l even  o u t  o f  twenty-one yea rs )  and e i g h t  inches under t h e  70% 
c r i t e r i o n  ( n i n e  ou t  o f  twenty-one years ) .  
CONCLUSIONS 
I r r i g a t i o n  was a p p l i e d  us ing  50% and 70% c r i t e r i o n ,  t h a t  i s  when 50% and 
30% o f  the a v a i l a b l e  s o i l  mo is tu re  i n  t he  t op  f i v e  f e e t  have been removed. 
Based on the  r e s u l t s  o f  the  study, a  depth o f  4- inches o f  i r r i g a t i o n  wate r  
was the most f r equen t  depth f o r  50% c r i t e r i o n  and a depth o f  8- inches under 
7m c r i t e r i o n  when a r a t e  o f  4- inch p e r  a p p l i c a t i o n  was used. Using the  70% 
c r i t e r i o n ,  preseason i r r i g a t i o n  i s  r equ i red  sometimes, even w i t h  t h e  h i g h  
average annual p r e c i p i t a i t o n  i n  the  upper Midwest. 
The average i r r i g a t i o n  water  app l i ed  f o r  t he  21-year s tudy p e r i o d  was 5.5 
and 7.6 inches f o r  t he  50% and 70% c r i t e r i o n ,  r espec t i ve l y .  However, as much 
as 12  inches p e r  y e a r  was requ i red  f o r  severa l  years  t o  meet t he  a p p l i c a t i o n  
c r i t e r i a .  
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I V .  USE OF A SOIL-MOISTURE PROGRAM I N  EVALUATING IRRIGATION POTENTIAL* 
The o b j e c t i v e  o f  t h i s  p a r t  o f  the  s tudy was t o  eva lua te  the  increases i n  
c o r n  y i e l  ds expected due t o  i r r i g a t i o n  us ing  an e x i s t i n g  corn  y i e l  d / s o i l  
moi s t u r e  program devel oped a t  Iowa S ta te  U n i v e r s i t y  . 
A s o i l - m o i s t u r e  program has been i n  ope ra t i on  i n  Iowa f o r  a  number o f  
years.  Using a  s t a r t i n g ,  measured s o i l  mo is tu re  i n  the  spr ing,  w i t h  d a i l y  
i n p u t s  o f .  r a i n f a l l  and pan evaporat ion and the  p roper  s o i l  mo i s tu re  
c h a r a c t e r i s t i c s ,  s o i l  mo is tu re  can be est imated under co rn  throughout  the 
growing season. A mo is tu re  s t r e s s  index c a l c u l a t e d  i n  con junc t i on  w i t h  the 
s o i l  mo is tu re  program i s  used t o  p r e d i c t  corn  y i e l  ds. By i n c l u d i n g  an 
i r r i g a t i o n  c y c l e  i n  t he  program, t he  response t o  i r r i g a t i o n  can be est imated. 
D i f f e r e n t  types o f  s o i l s  can be examined by changing t he  s o i l  c h a r a c t e r i s t i c s  
i n  the  program. 
PROCEDURES 
The procedures used t o  ca l  cu la  t e  s o i l  moi s t u r e  and y i  e l  d  response t o  
i r r i g a t i o n  a re  based on a  so i l -mo i s tu re  program (SOIL MOIST I )  and a  s t r e s s  . 
i ndex . 
The so i l -mo i s tu re  balance i s  c a l c u l a t e d  on the  p l a n t  a v a i l a b l e  water,  
i.e., t h e  water  between f i e l  d  capac i t y  and the w i l t i n g  p o i n t .  The f i e l  d  
capaci  ty can on l y  be determi ned accu ra te l y  by f i e l  d  measure~nents. The w i l t i n g  
p o i n t  i s  est imated by the  15-bar value determined i n  the  l abo ra to ry .  Gains i n  
moi s t u r e  a re  determined by s u b t r a c t i n g  r u n o f f  from p r e c i p i t a t i o n .  The amount 
*This  s e c t i o n  summarizes t he  research o f  R.H. Shaw; and 0. Arjmand; repo r ted  
i n  Chapter 4 o f  E f f i c i e n t  Use o f  Water f o r  I r r i g a t i o n  i n  t he  Upper Midwest, 
ISWRRI -117, Iowa S ta te  Univers~y,s~~, June 1981. - 
of r u n o f f  depends upon an antecedent p r e c i p i t a t i o n  index. The remain ing wa te r  
i s  added t o  t he  p r o f i l e .  Mo i s tu re  i s  l o s t  f rom the  p r o f i l e  by 
evapot ransp i ra t ion ,  and, i n  t he  o r i g i n a l  program, any wate r  above f i e l d  
capac i t y  was pe rco la ted  ou t  t he  bottom o f  t he  p r o f i l e .  When r a i n f a l l ,  o r  
i r r i g a t i o n ,  occurs, water  i s  added t o  t he  p r o f i l e  t o  b r i n g  t he  top  l a y e r  ( t o p  6  
inches)  t o  f i e l  d  capac i ty ,  then  t he  second l a y e r  (6-12 inches)  i s  b rought  t o  
capac i ty ,  and so f o r t h  through t he  p r o f i l e ,  u n t i l  a1 1  l a y e r s  cons idered a re  a t  
t he  value s e t  f o r  f i e l d  capac i ty .  Any excess water  i s  pe rco la ted  o u t  o f  t he  
p r o f i l e .  The o r i g i n a l  s o i l  mo is tu re  program was mod i f i ed  f o r  use on a  s o i l  
w i t h  slow i n t e r n a l  drainage. The i n f i l t r a t i o n  and r e d i s t r i b u t i o n  aspects  o f  
SOIL MOIST I had t o  be mod i f i ed  as SOIL MOIST I 1  t o  apply  t o  a  p o o r l y  d ra ined  
s o i l  . 
A  t h i r d  s o i l  mo i s tu re  program, SOIL MOIST 111, was w r i t t e n  t o  r ep resen t  
more c l o s e l y  t h e  s i t u a t i o n  t h a t  e x i s t s  as a  Cisne s o i l  w i t h  a  c laypan a t  24 
i nches. 
A  subrou t ine  was developed t o  s imu la te  i r r i g a t i o n ,  which was added t o  t he  
s o i l  -mois ture program t o  determine t he  e f f e c t s  i r r i g a t i o n  m i g h t  have i n  
reduc ing mo is tu re  s t r e s s  i n  corn. T h i s  subrou t ine  s imu la ted  i r r i g a t i o n  o f  a  
p o i n t  i n  a  l a r g e  c o r n  f i e l  d  (approx imate ly  160 acres) .  The f i e l  d was 
i r r i g a t e d  w i t h  a  c e n t e r - p i v o t  s p r i n k l e r  i r r i g a t i o n  system t h a t  a p p l i e s  one 
i n c h  o f  e f f e c t i v e  wa te r  t o  a  g i ven  p o i n t  every t h r e e  days, i f  requ i red ,  i .e., 
i t  takes t h r e e  days f o r  the  system t o  make a  complete c y c l e  around t he  f i e l  d. 
I r r i g a t i o n  was begun a f t e r  June 30, whenever t he  s o i l  -moi s t u r e  p r o f  il e i n  
t he  a c t i v e  r o o t  zone was depleted t o  a  g i ven  percentage o f  t he  f i e l  d  capac i t y  
i n  t he  a c t i v e  r o o t  zone. It was f e l t  t h a t  t he  degree o f  s t r e s s  i n c u r r e d  
b e f o r e  J u l y  1 was unusua l l y  smal l  and i r r i g a t i o n  a f t e r  June 30 avoided a  
p o t e n t i a l  wetness problem due t o  s p r i n g  r a i n s  added on t o p  o f  i r r i g a t i o n .  
Lamberton, Minnesota 
The o r i g i n a l  SOIL MOIST I program was run  f o r  two s o i l s  found i n  t h e  
southwestern Minnesota area. One o f  t h e  ma jo r  s o i l s  i n  t he  area i s  Webster, 
another  i s  Dickman sand. To o b t a i n  the  i r r i g a t i o n  response, t h e  program i s  
f i r s t  run  w i t h  the  na tu ra l  weather da ta  t h a t  occurred f o r  each y e a r  o f  record,  
1960-78, t hen  re run  again w i t h  t he  i r r i g a t i o n  c y c l e  inc luded .  The program 
produces a weighted s t ress - index  va lue f o r  each yea r  run, which i s  used t o  
compute y i e l  ds. 
F o r  the  Webster s o i l  , t h e  average y i  e l  d computed f o r  na tu ra l  r a i n f a l l  
c o n d i t i o n s  was 119 bu/acre. The average y i e l  d w i t h  i r r i g a t i o n  was 153 
bu/acre. 
On the Dickman sand, t h e  average y i e l d  computed f o r  n a t u r a l  r a i n f a l l  
cond i t i ons  was 81.2 bu/acre. The average y i e l d ,  w i t h  i r r i g a t i o n ,  was 153 
bu/acre. 
The r e s u l t s  computed on these two s o i l s  a re  t y p i c a l  o f  what shou ld  be 
expected on a high-moi s t u r e  capac i t y  and 1 ow-moisture capac i t y  s o i l  i n  a 
c l i m a t i c  r eg ion  where r a i n f a l l  i s  n o t  u s u a l l y  i n  g r e a t  de f i c i ency ,  b u t  mid- 
summer per iods  o f  use g rea te r  than  r a i n f a l l  a r e  expected. The average y i e l d  
increase o f  34 bu/acte on t he  Webster s o i l  i s  comparable t o  t h a t  found i n  
Iowa, i n  reg ions o f  comparable r a i n f a l l .  Nomal  r a i n f a l l  p rov ides  a 
s i g n i f i c a n t  s o i l  -moi s t u r e  reserve go ing i n t o  most years,  and t h i s  reserve  
he lps  c a r r y  t he  crop through summer d r y  per iods  w i t h  o n l y  moderate y i e l d  
reduct ions.  On t h e  average, o n l y  moderate response t o  i r r i g a t i o n  shou ld  be 
expected on these h i g h  mo i s tu re  capac i t y  s o i l s .  
On the  l i g h t e r  s o i l s ,  such as t he  Dickman sand, even though t h e  s o i l  may 
s t a r t  a t ,  o r  near, f i e l d  capac i t y  i n  t he  spr ing ,  t h e  reserve i s  much sma l l e r  
and can r a p i d l y  be depleted i f  d ry  weather occurs. The y i e l  d response t o  
i r r i g a t i o n  on t h i s  type o f  s o i l  i s  s i g n i f i c a n t ,  even i n  reg ions o f  r e l a t i v e l y  
h i g h  annual p r e c i p i t a t i o n s .  
Faye t t e  County, I 1  1 i no i  s 
The Brownstown Agronomy Research Center,  Faye t t e  County, I 1  li no i  s i s  
conduct ing exper iments on the  i r r i g a t i o n  o f  Cisne and Hoyleton s i l t  loams, 
w i t h  a c laypan 24 inches o r  l e s s  below t h e  surface. The years  o f  record  used 
were 1964-77, a t o t a l  o f  14 years.  
Al though a l l  t h r e e  s o i l  mo i s tu re  programs were run f o r  comparat ive 
purposes, SOIL MOIST I 1 1  was w r i t t e n  t o  represent ,  i n  a s imple program, t h e  
s i t u a t i o n  which most l i k e l y  e x i s t s  on t h e  Cisne c laypan s o i l  o f  I l l i n o i s .  Wi th  
added mois ture,  each increment froin t o p  t o  bottom i s  a l lowed t o  reach f i e l d  
capac i ty ,  then  a d d i t i o n a l  mo is tu re  i s  used t o  f i l l  each increment up t o  
s a t u r a t i o n  f rom the  bottom increment t o  t h e  sur face.  Any mo i s tu re  i n  excess 
o f  t h i s  amount runs o f f  the  area. Since t he  c laypan s o i l  has e s s e n t i a l l y  ze ro  
p e r c o l a t i o n  through t he  top  o f  t he  claypan, a1 1 mo i s tu re  r e t a i n e d  above t he  
c laypan must be removed by evapora t ion  and t r a n s p i  r a t i o n .  A1 1 r o o t i n g  and 
mo i s tu re  e x t r a c t i o n  i s  l i m i t e d  t o  the  l a y e r  above the  claypan. Under n a t u r a l  
r a i n f a l l  cond i t i ons  the  average y i  e l  d was 104 bu/acre. With i r r i g a t i o n ,  y i e l  d 
was est imated as 153.8 bu/acre, g i v i n g  an inc rease  o f  49 bu/acre, w i t h  an 
average wate r  use o f  7.4 inches.* Inc reases  ranged from 0 t o  136 bu/acre. 
Water app l i ed  averaged 4.7 inches and ranged from 0 t o  15 inches. 
* F i e l d  p l o t  s t ud ies  op t im i z i ng  seed, n u t r i e n t s  f o r  h i gh  wate r  cond i t i ons ,  
and i r r i g a t i o n  show a ga in  a lmost  t w i c e  t he  p red i c ted  y i e l d  t h a t  was based 
upon normal ope ra t i ona l  procedure. 
I n  s o i l s  w i t h  a c laypan  such as the  Cisne, excess wetness must o f t e n  be 
a problem i n  sp r ing .  The ou tpu t  from SOIL MOIST I 1 1  was examined t o  o b t a i n  an 
es t ima te  o f  years  when excess m o i s t u r e  wou ld  be a problem, assuming t h e  
p r o f i l e  s t a r t e d  a t  f i e l d  capac i t y  on May 5. O f  t he  14 years  o f  data,  6 showed 
va lues o f  s o i l  mo i s tu re  above f i e l d  capac i t y  i n  some p a r t  o f  t he  p r o f i l e .  
Four  years  showed va l  bes above f i  e l  d capac i t y  o c c u r r i n g  i n  b o t h  t he  two 1 ower 
6- inch increments f o r  rrlore than  8 days. 
Concl us ions 
Supplemental i r r i g a t i o n  on bo th  l i g h t  and heavy s o i l s  i n  t h e  upper 
Midwest w i l l  i nc rease  average annual y i e l d s .  On l i g h t  s o i l s  (Dickrnan sand), 
t h e  average y i e l  d i nc rease  was about 72 bushel s/acre.  Less inc rease  was 
p r e d i c t e d  on t h e  h e a v i e r  s o i l s  (Webster)  where a p r e d i c t e d  y i e l d  i nc rease  o f  
34  bushel s /acre was determined. 
V. OPTIMIZATION OF WATER USE AND DRAINAGE FOR FIELD CROP PRODUCTION 01.1 
CLAYPAN SOIL I N  THE UPPER MIDWEST* 
I NTRODUCTION 
There a r e  about 10 m i l l i o n  acres o f  f i n e - t e x t u r e d  s o i l s ,  a l s o  known as 
c laypan s o i l s ,  i n  t he  Midwest. These s o i l s  have a 6-  t o  18- inch l a y e r  o f  s i l t  
1  oam t o p s o i l  w i t h  a heavy c l a y  subsoi l  . The topography associated w i t h  these 
s o i l s  i s  q u i t e  f l a t  w i t h  u s u a l l y  l e s s  than 0.5 percent  slope, and o f t e n  
groundwater supp l ies  a re  l i n i i  ted. The c rop  y i e l d s  on these s o i l s  a r e  q u i t e  
v a r i a b l e  and usual l y  1  ow because o f  1  i m i  t ed  water  management. Wi th p roper  
water  management these s o i l s  can be very p roduc t i ve  every year .  
The area w i t h  t he  l a r g e s t  concen t ra t i on  o f  c laypan s o i l s  i s  south-centra l  
I l l i n o i s .  The mean annual p r e c i p i t a t i o n  i n  t h i s  area i s  40 inches, which would 
be  p l e n t i f u l  f o r  c rop  p roduc t ion  i f  i t  were p rope r l y  d i s t r i b u t e d .  
Unfor tuna te ly ,  excess r a i n f a l l  o f  t e n  occurs i n  t he  spr ing,  c o n t r i b u t i n g  t o  a 
problem o f  excess ive ly  wet s o i l s ;  and o f t e n  t h e r e  a re  several  weeks w i t h o u t  
r a i n f a l l  i n  the  summer, causing drought. Per iods o f  excess ive ly  wet s o i l  and 
pe r i ods  o f  drought  o f t e n  occur w i t h i n  t he  same growing season. 
T h i s  p r o j e c t  i nves t i ga ted  combinat ions o f  both i r r i g a t i o n  and drainage 
t reatments i n  o rder  t o  determine the  b e s t  water  management p r a c t i c e s  f o r  f i e l d  
c rop  p roduc t ion  i n  claypan s o i l s  i n  t h e  upper Midwest. Four years  o f  c o r n  and 
one yea r  o f  soybean y i e l d  data from f o r t y  f i e l d  p l o t s  a re  presented. The 
i r r i g a t i o n  t reatments were s p r i n k l e r ,  fu r row,  and no i r r i g a t i 3 n ;  t he  drainage 
t rea tmen ts  were sur face,  subsurface, su r face  p l h s  subsurface, and no drainage. 
*This  sectiorr summarizes the research o f  P.N. Walker; F1.D. Thorne; E.C. 
Benham; and W.D. Goetsch; repor ted  i n  Op t im iza t i on  o f  Water Use f o r  F i e l d  Crop 
Produc t ion  i n  t he  Upper Midwest, Research Report, 1 5 9 ; - - i 6 f 6 r ~ s o u r c ~ n ~  
U n i v e r s i t y  Xmi-ama-Champaign, A p r i l  1981. 
The p r o j e c t  a1 so devel oped a s o i l  -moi s t u r e  model and a t r ea tmen t - y i  e l  d 
n~odel f o r  i r r i g a t i o n  and drainage on t i g h t  c laypan s o i l s .  However, s u f f i c i e n t  
da ta  was n o t  a v a i l a b l e  a t  the  t ime o f  t h i s  r epo r t ,  and no d e f i n i t e  conc lus ions  
c o u l d  be drawn f rom t h e  model ing p o r t i o n  o f  the  study. The model w i l l  be 
v e r i f i e d  as add1 t i o n a l  years  o f  da ta  a r e  co l l ec ted .  
IRRIGATION AND DRAINAGE - TIiE POTENTIAL 
The t h i n  t o p s o i l  i n  c laypan areas means t h a t  c rop  r o o t s  have o n l y  a smal l  
volume o f  s o i l  from which t o  e x t r a c t  wa te r  between r a i n f a l l s .  Therefore,  
i r r i g a t i o n  i s  necessary t o  avo id  p l a n t  s t r e s s  between r a i n f a l l s  and t o  maximize 
y i e l d s .  The v i r t u a l  absence o f  groundwater supp l ies  i n  t h i s  area means t h a t  
i r r i g a t i o n  must r e l y  on  devel opment o f  su r face  wate r  resources. I r r i g a t i o n  
must be done very  e f f i c i e n t l y  i n  o r d e r  t o  conserve wate r  supp l ies .  Nea r l y  a l l  
o f  the c u r r e n t  i r r i g a t i o n  i n  the  Midwest i s  by s p r i n k l e r s .  However, because 
c laypan s o i l s  have an impermeable subsur face l a y e r  and a f l a t  topography, they 
a r e  p a r t i c u l a r l y  adaptable t o  fu r row i r r i g a t i o n ,  which can be more energy 
e f f i c i e n t  and more wate r  e f f i c i e n t  i f  t a i l w a t e r  i s  c o l  l e c t e d  and reused. Th is  
research prov ides i n f o r m a t i o n  necessary t o  i r r i g a t e  t h i s  s o i l  e f f i c i e n t l y  b o t h  
by s p r i n k l e r s  and by f u r row  i r r i g a t i o n .  Add i t i ona l  l y ,  t he  der i lonstrat ion 
f u n c t i o n  o f  these p l o t s  p rov ides  p a r t  o f  the  impetus requ i red  f o r  farmers t o  
s t a r t  choosing the  more e f f i c i e n t  f u r row  i r r i g a t i o n  system. 
A drainage system i s  needed f o r  these s o i l s  t o  remove the  excess wate r  
t h a t  e x i s t s  n e a r l y  every  sp r i ng  and occas iona l l y  l a t e r  i n  a wet  c y c l e  o f  a 
growing season. The subsur face s o i l  l a y e r s  a re  impermeable, thereby 1 i m i  t i n g  
n a t u r a l  subsurface drainage; and the  su r f ace  topography i s  general  l y  f l a t  w i t h  
occasional  depressions, thereby 1 i m i  t i n g  na tu ra l  su r f ace  drainage. 
The most commonly recommended drainage p r a c t i c e  on t h i s  s o i l  i s  su r f ace  
dra inage ( 1  and g rad i  ng) . Conventional subsurface t i 1  e dra inage sys terns w i l l  n o t  
work because o f  t h e  c l a y  subso i l .  Sur face drainage systems a r e  n o t  e n t i r e l y  
s a t i s f a c t o r y  because t he  requ i red  g rad ing  removes t he  t o p s o i l  f rom some areas 
o f  a  f i  e l  d  and reduces i t s  p r o d u c t i v i  ty . Addi t i o n a l  ly, su r f ace  dra inage water  
i s  laden  w i t h  sediments and n u t r i e n t s .  A subsur face dra inage system c o u l d  be 
more s a t i s f a c t o r y .  It woul d  n o t  r equ i  r e  t h e  movement o f  t o p s o i l  , and t h e  
drainage wate r  would be v i r t u a l  l y  f r e e  o f  sediment and have a  1  ower n u t r i e n t  
concen t ra t ion .  
The advent o f  co r ruga ted  p l a s t i c  d r a i n  t u b i n g  makes p o s s i b l e  t h e  
manufacture o f  lower -cos t  smal l -d iameter  subsurface d r a i n  l i n e s .  I n  c laypan  
s o i l ,  these l i n e s  can be p laced a t  c l o s e  spacings above t he  c laypan l a y e r .  
T h i s  t ype  o f  system was n o t  f e a s i b l e  w i t h  convent ional  d r a i n  ma te r i a l s .  Th i s  
research p r o j e c t  a1 so addresses t h i s  t ype  o f  drainage system and he1 p s  p rov ide  
t h e  i n f o r m a t i o n  necessary t o  design an optimum subsur face dra inage system. 
When i r r i g a t i o n  and drainage p r a c t i c e s  a re  i n teg ra ted ,  t h e  dra inage water  
i s  s to red  i n  a  su r f ace  r e s e r v o i r  and used f o r  i r r i g a t i o n  d u r i n g  d rought  
per iods.  By r e c y c l i n g  t h e  water, t h e  conse rva t i on  o f  water  supp l i es  w i l l  be 
maximized because t h e  amount o f  wa te r  l e a v i n g  t h e  farm w i l l  be minimized. Th is  
i n  t u r n  w i l l  s u b s t a n t i a l  l y  1  essen t h e  p o t e n t i a l  f o r  downstream f l  ooding. 
Furthermore, t h e  s torage o f  t h i s  wa te r  w i l l  improve t he  q u a l i t y  o f  t h a t  wa te r  
t h a t  does leave  t h e  land  because t h e  amounts o f  chemical and sediment 
po l  l u t a n t s  l e a v i n g  t h e  fann w i l l  be g r e a t l y  reduced. 
ME THODS 
F o r t y  f i e l d  p l o t s  were es tab l i shed  on a  Cisne Assoc ia t i on  s o i l  a t  t h e  
Brownstown Agronomy Research Center  i n  southern I 1  li no i  s. The c e n t e r  i s  
l o c a t e d  eas t  o f  Vandal ia,  I l l i n o i s .  The setup i nc l uded  r e p l i c a t i o n s  o f  each o f  
severa l  i r r i g a t i o n  and drainage t rea tment  combi na t ions  f o r  b o t h  co rn  and 
soybeans. These p l  o t s  were i nstruciented f o r  l r~e teoro l  og i ca l  and wa te r  ba l  ance 
measurements--that i s ,  t h e  amount o f  wa te r  en te r ing ,  leav ing ,  and be ing s to red  
on each o f  the p l o t s .  Add i t i ona l  ly, semiweekly p l a n t  l e a f  wa te r  p o t e n t i a l  and 
annual g r a i n  y i e l d s  were determined f o r  each p l o t .  
These measurements were used t o  g i ve  annual averages o f  t he  e f f e c t s  o f  
each o f  t he  t rea tment  combinations. However, tens o f  years o f  da ta  would need 
t o  be c o l l e c t e d  b e f o r e  t he  da ta  c o u l d  be expected t o  represen t  long- term 
average e f f e c t s .  T h i s  1  ongevi ty would be requ i red  because y e a r l y  v a r i a t i o n s  i n  
t he  weather p a t t e r n  a r e  subs tan t i a l  . 
Because such long- term s tud ies  a r e  i m p r a c t i c a l ,  i t  was decided t o  use t he  
meteor01 og ica l  wa te r  balance, l e a f  wa te r  p o t e n t i a l  , and y i  e l  d  measurements 
taken  over  a  th ree-year  p e r i o d  t o  develop r e l a t i o n s h i p s  between ( 1 )  weather and 
s o i l  mois ture,  i.e., wa te r  balance, ( 2 )  s o i l  mois ture,  weather, and l e a f  wa te r  
p o t e n t i a l  , and ( 3 )  l e a f  water  p o t e n t i a l  and crop y i  e l  d. These re1 a t i o n s h i p s  
would then  be combined w i t h  h i s t o r i c a l  weather da ta  t o  p r e d i c t  t he  long- term 
e f f e c t s  o f  each wate r  management combi n a t i o n  t reatment .  
CO hlCLUSIONS 
The p r i n c i p a l  conc lus ion  o f  t h i s  study must be drawn from t h e  y i  e l  d  data. 
F i r s t ,  t he  da ta  i n d i c a t e  t h a t  bo th  i r r i g a t i o n  and drainage a re  needed on 
c laypan s o i l  s  i n  humid c l imates.  Corn y i e l  ds were increased by 13 bu/acre by 
dra inage a1 one and 50 bu/acre by i r r i g a t i o n  a1 one. Second, t he  da ta  i n d i c a t e  
t h a t  i r r i g a t i o n  and drainage increase y i e l  d  s y n e r g i s t i c a l  ly,  w i t h  an average 92 
bu/acre increase when i r r i g a t i o n  and drainage a re  used toge ther .  Th i rd ,  t h e  
method o f  i r r i g a t i o n ,  whether s p r i n k l e r  o r  fur row,  has l i t t l e  e f f e c t  on y i e l  d. 
And f ou r t h ,  t he  drainage type  (whether sur face,  subsurface, o r  bo th )  appears t o  
have l i t t l e  e f f e c t  on crop y i e l d .  
The f a c t  t h a t  subsur face dra inage m i g h t  work e q u a l l y  as w e l l  as su r f ace  
dra inage has an impo r tan t  p o t e n t i a l  e f f e c t  on wate r  q u a l i t y .  Sur face wate r  
c a r r i e s  sediment w i t h  it. Subsurface d r a i n  water,  on t he  o t h e r  hand, i s  f r e e  
from sediment--which means t h a t  t h e r e  i s  t h e  p o t e n t i a l  f o r  i l r ~p rov i ng  wa te r  
q u a l i t y  w h i l e  s t i l l  m a i n t a i n i n g  y i e l d ,  by us ing  subsur face r a t h e r  t han  su r f ace  
drainage. 
The f a c t  t h a t  i r r i g a t i o n  and dra inage have a  s y n e r g i s t i c  e f f e c t  on y i e l  d  
adds impetus t o  the  p rospec t  o f  improv ing  wa te r  q u a l i t y  and water-use 
e f f i c i e n c y .  Whi le i t  i s  unquest ioned t h a t  s t o r i n g  dra inage wa te r  and l a t e r  
us i ng  i t  f o r  i r r i g a t i o n  would improve water-use e f f i c i e n c y  and downstream water  
q u a l i t y ,  t h e r e  i s  l i t t l e  chance o f  t h i s  improvement be ing  i n s t i t u t e d  un less  t he  
process i s  a l s o  economica l ly  a t t r a c t i v e  t o  the  landowner. T h i s  s y n e r g i s t i c  
e f f e c t  enhances those economic b e n e f i t s .  
The model rr~ethodol ogy f o r  p r e d i c t i n g  more accura te  1  ong-term es t ima tes  o f  
t r ea tmen t  y i e l d s  appears t o  be the  b e s t  approach t o  t he  problem. A d d i t i o n a l  
da ta  a r e  be ing  c o l l e c t e d  i n  1981, and t he  research w i l l  c on t i nue  a t  l e a s t  
through 1983. A d d i t i o n a l  data shoul d  p e r m i t  re f inement  o f  t he  models. 
V I .  THE ECONOMIC POTENTIAL FOR IRRIGATION ON CLAYPAN SOILS* 
I NTRODUCTION 
The i n s t a l l a t i o n  and ope ra t i on  o f  i r r i g a t i o n  systems i n  t he  Midwest has 
expanded r a p i d l y  i n  the  p a s t  decade. I n , I n d i a n a ,  f o r  example, t h e  number o f  
i r r i g a t e d  areas has increased frorn l e s s  than  40,000 acres i n  1972 t o  
approx imate ly  70,000 acres i n  1977. Simi1,ar increases have occurred i n  
I l l i n o i s  where i r r i g a t e d  acreage expanded f rom l e s s  than  54,000 acres i n  1974 
t o  approx imate ly  131,000 acres i n  1978. Increased i n t e r e s t  i n  i r r i g a t i o n  i s  
o c c u r r i n g  due t o  the  v a r i a b i l i t y  o f  weather cond i t i ons  and t he  increased 
f i nanc i  a1 r i s k  associ  a ted w i  t h  c rop  f a i l  ure.  Weather condi t i o n s  i n  t he  Midwest 
d u r i n g  the  19701s, p a r t i c u l a r l y  t h e  amount and d i s t r i b u t i o n  o f  r a i n f a l l  d u r i n g  
t he  year ,  matched much more c l o s e l y  t he  v a r i a b i l i t y  recorded f o r  t h e  100 years  
o f  weather records than  d i d  the  s t a b l e  weather pa t t e rns  o f  t he  1950 's  and 
1960's.  T h i s  v a r i a b i l i t y  has increased the  r i s k  assoc ia ted w i t h  t he  i n a b i l i t y  
o f  the farm manager t o  c o n t r o l  the  mo i s tu re  v a r i a b l e  i n  the farm p r o d u c t i o n  
process. 
Economic r i s k  i n  farming has increased f o r  several  reasons. Farm s i z e  has 
been i nc reas ing  a1 ong w i t h  t he  degree o f  e n t e r p r i s e  speci a1 i z a t i o n .  Also, r i s k  
has increased due t o  increase i n  i n p u t  cos t .  Even though farm income has been 
on the  r i s e  due t o  h i g h e r  domestic demand and increased expor ts ,  so has the  
*Th is  s e c t i o n  summarizes the  research o f  W.L. M i l l e r ;  R.D. Clouser; P. Erhabor; 
and J. Sobek; r epo r ted  i n  The Economic Oppor tun i t y  t o  I r r i g a t e  -- Corn and 
Soybeans on Midwestern ~ l a y p a n r ~ e c h n i c a l  Rep% 93. Water Resources 
Research E n t e r ,  Purdue-sity, West La fave t t e .  I N .  June 1981; and the  
research o f  R.LI Clouser: and w . L - . - ~ i l l e r :  r i ~ o r t e d  in- he ~ c o n o m i c  
Consequences o f  irrigating Corn on F i n e  ~ e x t u k e d  S o i l s  i n t h e  Humid Midwest, 
Techn ica l  R e p F t  96. W a t e r ~ o ~ c ~ e s e a r c h  C e K  Krdue m r m e s t  
- - 
La faye t t e ,  IN, A p r i l  1980. 
value o f  a g r i c u l t u r a l  land. The h i g h e r  l a n d  p r i c e s  combined w i t h  inc reases  i n  
o t h e r  i npu t s ,  such as f e r t i l i z e r  and seeds, commits a  farm ope ra to r  t o  ma jo r  
cash ou t l ays  f o r  crop product ion.  Wi th  these h i g h  ope ra t i ng  o u t l a y s  f i n a n c i a l  
1  osses may occur  i f  drought  condi t i o n s  p r e v a i l  . F o r  those farmers w i t h  h i g h  
debt  t o  asse t  r a t i o s ,  t he  consequences o f  c rop  l o s s  may be f i n a n c i a l  d i s a s t e r .  
Subs tan t i a l  research has been conducted on the  economic p r o f  i t a b i l  i ty o f  
i r r i g a t i o n  on coarse- tex tu red  s o i l  s  i n  t he  Midwest. I r r i g a t i o n  sys tems have 
been adopted on these s o i l s  due t o  t he  p roduc t i on  resporlse o f  co rn  t o  wate r  and 
t he  low c o s t  o f  we1 1 wate r  t h a t  g e n e r a l l y  i s  a v a i l a b l e  a t  sha l low depths. 
However, 1  i m i  t ed  research has been focused on f i  ne- tex tu red  s o i l  s. Since 
these s o i l s  have h i g h  wate r -ho ld i  ng capac i ty ,  i r r i g a t i o n  has no t  been needed i n  
t he  humid reg ions t o  supplement r a i n f a l l .  However, f i n e - t e x t u r e d  s o i l s  w i t h  
r e s t r i c t e d  zones f o r  p l a n t  r o o t  development, such as c laypan o r  f r a g i p a n  s o i l s ,  
w i l l  have h i g h e r  crop y i e l d s  when i r r i g a t i o n  i s  p rov ided  dur ing  t he  low 
r a i n f a l l  pe r iods  o f  J u l y  and August. Recent agronomic da ta  i n d i c a t e s  co rn  on a 
c laypan s o i l  responds t o  i r r i g a t i o n .  The research repor ted  here i s  designed t o  
examine t he  economic r e t u r n s  i n  t he  humid Midwest o f  i r r i g a t i n g  f i n e - t e x t u r e d  
s o i l  w i t h  a  r e s t r i c t e d  r o o t  zone. 
The o b j e c t i v e s  o f  t h i s  research are:  
1. To u t i l i z e  a micro-economic farm-p lanning model t o  analyze investments  
i n  i r r i g a t i o n  techno1 ogy and i r r i g a t i o n  system ope ra t i on  s u i t a b l e  f o r  
m i  dwestern a g r i c u l t u r a l  operat ions.  
2. To examine the  r e l a t i v e  p r o f i t a b i l  i t i e s  o f  d r y l and  corn, d r y l and  
soybeans, i r r i g a t e d  corn, and i r r i g a t e d  soybeans on c laypan s o i l s .  
3 .  To eva lua te  t he  economic p o t e n t i a l  f o r  i r r i g a t i n g  corn  grown on 
c laypan s o i l  s  w i t h  a1 t e r n a t i v e  c o s t  d i  Scouilt r a t e  and y i e l  d  assumptions. 
4. To examine i r r i g a t i o n  p r o f i t a b i l i t y  on farm systems o f  several  s izes,  
i.e., 640 acres, 160 acres, 120 acres, 80 acres and 40 acres. 
5. To eva lua te  the  economic p o t e n t i a l  o f  d i f f e r e n t  sources o f  wa te r  f o r  
t he  i r r i g a t i o n  system. 
6. To assess t he  r e l a t i v e  p r o f i t a b i l i t y  o f  farms w i t h  mixed g r a i n  and 
l i v e s t o c k  (hogs o r  c a t t l e )  as w e l l  as, cash g r a i n  operat ions.  
THE MODEL 
Mathematical programming models o f  a  m ic ro  farm u n i t ,  p roduc ing  g r a i n  and 
l i v e s t o c k ,  were used i n  t h i s  study. The math programming models maximize n e t  
farm revenue and i n c l u d e  an investment  model o f  i r r i g a t i o n  a c t i v i t i e s .  I n  
a d d i t i o n ,  a  f i x e d  l e v e l  of l i v e s t o c k  has been determined exogenous t o  t he  
model, b u t  l a b o r  and feed a c t i v i t i e s  f o r  t he  l i v e s t o c k  e n t e r p r i s e  a r e  
endogenously deducted from a v a i l  ab le  resources. 
CONCLUSIONS 
The r e s u l t s  o f  t h i s  a n a l y s i s  show i r r i g a t i o n  on c laypan s o i l s  t o  r e s u l t  i n  
h i g h e r  n e t  values o f  the  annual d iscounted cash f lows  f o r  farms o f  d i f f e r e n t  
s i zes .  I n  cases where 80-acre, 160-acre, and 640-acre farms were evaluated,  t h e  
i r r i g a t e d  systems produced h ighe r  n e t  r e t u r n s  t o  l a b o r  and management than  d i d  
t he  d ry land  operat ions.  The r e s u l t s  o f  t he  a n a l y s i s  a r e  summarized i n  Table 6.1 
f o r  bo th  the 4  percen t  and 12 percen t  r a t e s  o f  d iscount .  The r e l a t i v e  ranks 
among systems a r e  t he  same regard less  o f  which r a t e  o f  d i scoun t  i s  used t o  rnake 
t he  comparisons. 
These r e s u l t s  i n d i c a t e  a  p o t e n t i a l  e x i s t s  f o r  i r r i g a t i o n  on smal l  and 
medium s i z e  farms i n  c laypan areas. The r e s u l t s  on l y  i n d i c a t e  p o t e n t i a l  because 
each farm s i t u a t i o n  must be evaluated on i t s  own m e r i t s  t a k i n g  i n t o  
cons ide ra t i on  f a c t o r s  such as the d i s tance  from a  wate r  s torage pond t o  the  
Table 6.1. Comparison of t he  A l t e r n a t i v e  Types and Scales o f  I r r i g a t i o n  
Sys terns* 
Sys tem Ac reage N P V t  8 12% W P V t  8 4% 
Dry land Corn and Soybeans 640 $ 112,955 $ 187,569 
I r r i g a t e d  Corn 640 155,530 248,308 
I r r i g a t e d  Corn and Soybeans 640 173,971 
I r r i g a t e d  Corn and Soybeans 
w i  t h  Small Hog Sys t e ~ n  640 192,954 
I r r i g a t e d  Corn and Soybeans 
w i  t h  Large Hog System 640 233,718 
I rri ga t ed  Corn and Soybeans 
wi t h  Small C a t t l  e Sys t e~n  640 260,752 
I r r i g a t e d  Corn and Soybeans 
w i t h  L a r g e c a t t l e  System 640 418,112 
~ r ~ l a n d  Corn and Soybeans 160 54,866 
Dry land  Corn and Soybeans 80 3,591 
I r r i g a t e d  Corn and Soybeans 160 174,062 
I r r i g a t e d  Corn and Soybeans 80 24,833 
I r r i g a t e d  Corn and Soybeans 
w i t h  L i m i t e d  Labor 160 75,197 
I r r i g a t e d  Corn and Soybeans 
w i t h  L i m i t e d  Labor 80 22,220 
tTaken from M i l  l e r ,  e t  a1 1981. 
t N e t  p resen t  value. 
f i e l d s  t o  be i r r i g a t e d ,  l a b o r  a v a i l a b i l i t y  du r i ng  the  i r r i g a t i o n  season, and 
access t o  c a p i t a l  t o  f i nance  i r r i g a t i o n  investments.  The r e s u l t s  i n d i c a t e  i t  
appears t o  be wor t t twhi le  f o r  the  i n d i v i d u a l  farmer  ope ra t i ng  on c laypan s o i l s  t o  
eva lua te  i r r i g a t i o n  a1 ong w i t h  o t h e r  a1 t e r n a t i v e  c a p i t a l  investments.  
Al though the n e t  p resen t  values o f  t he  annual cash f l ows  f o r  i r r i g a t e d  
p roduc t i on  always exceed dryland, i n  a  p a r t i c u l a r  y e a r  d ry land  p roduc t i on  c o u l d  
be more p r o f i t a b l e .  When r a i n f a l l  i s  adequate du r i ng  J u l y  and August f o r  good 
crop product ion,  d ry land  becomes more p r o f i t a b l e  than  i r r i g a t e d  because no c o s t s  
assoc ia ted w i t h  i r r i g a t i o n  a re  i ncu r red .  However, i n  o t h e r  years o f  l ow  
r a i n f a l l  o r  p o o r l y  d i s t r i b u t e d  r a i n f a l l ,  s u b s t a n t i a l  l osses  a re  i n c u r r e d  by the  
d ry land  c laypan farmer.  T h i s  c l e a r l y  i l l u s t r a t e s  the insurance na tu re  o f  
i r r i g a t i o n  over  a  p e r i o d  o f  years. 
Soybeans appear t o  be a  p r o f i t a b l e  crop f o r  i r r i g a t i o n  on c laypan s o i l s .  
T h i s  pe rm i t s  i r r i g a t o r s  t o  r o t a t e  co rn  and soybean product ion,  which pe rm i t s  
them t o  achieve t he  h i g h e r  y i e l d s  assoc ia ted  w i t h  crop r o t a t i o n s  i n  c o n t r a s t  t o  
a  cont inuous co rn  a1 t e r n a t i v e .  
Data were c o l l e c t e d  on several  aspects o f  t he  i r r i g a t i o n  program. On 
c laypan s o i l s  wa te r  impound~iient r e s e r v o i r s  c o s t  s l i g h t l y  l e s s  t han  $1.00 p e r  
cub ic  y a r d  o f  e a r t h  moved i n  cons t ruc t i on .  About 3  cubic  yards  o f  wa te r  were 
impounded f o r  every cub ic  y a r d  o f  e a r t h  moved f o r  these s t r u c t u r e s .  Labor 
requi rements f o r  ope ra t i on  of a  160-acre c e n t e r  p i v o t  system th roughout  t he  
ope ra t i ng  season averaged .372 hours p e r  ac re  i r r i g a t e d  f o r  a  mu1 t i p l e  p i v o t  
system. Labor r equ i renen ts  were .709 hours p e r  i r r i g a t e d  ac re  f o r  t h e  
m u l t i p i v o t  40-acre systems. E l e c t r i c  power cos t s  ranged from $516 t o  $1293 p e r  
season w i t h  an average c o s t  o f  $858 f o r  t h e  e l e c t r i c  u t i l i t i e s  i n  t he  s t a t e  o f  
I n d i  ana. Three-phase e l e c t r i c  motors operated w i t h  Roto Phase Conver tors  f rom 
single-phase e l e c t r i c  l i n e s  a re  the  most economical source o f  power when th ree-  
phase l i n e s  a r e  no t  a v a i l a b l e  a t  t he  s i t e .  
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est imates were n o t  prepared f o r  a1 fa1 f a  because o f  t he  l i m i t e d  da ta  on y i  e l  d  
response t o  i r r i g a t i o n .  
THE SURVEY 
The Approach 
The southwest and south c e n t r a l  reg ions  o f  t he  s t a t e  were se lec ted  as t he  
survey r e g i o n  because t he  predominant s o i l  types i n  t h i s  area a r e  
f i ne - t ex tu red  w i t h  h i g h  water-ho l  d i  ng capac i t i es .  Ava i l  ab le  water-ho l  d i  ng 
capac i t y  (AWC), t h e  p o r t i o n  of wa te r  i n  a  s o i l  t h a t  can be absorbed by p l a n t  
r oo t s ,  was chosen as t he  v a r i a b l e  t o  d i f f e r e n t i a t e  between f i n e - ,  medium-, and 
course- tex tu red  s o i l s  . S o i l s  w i t h  6" o r  more o f  AWC i n  t he  upper 60 inches 
o f  s o i l  ( o r  t o  a  l i m i t i n g  l aye r ,  whichever i s  sha l lower )  were cons idered i n  
t h i s  study. 
F i  nd i  ngs 
The 40 fariners t h a t  were i n te r v i ewed  had a  t o t a l  o f  49 i r r i g a t i o n  
systems. Center p i v o t  d i s t r i b u t i o n  systems a re  t h e  most popu la r  w i t h  u n i t s  
rang ing  f r ~ m  4-tower t o  13-tower models. T h i r t y  o f  t he  33 c e n t e r  p i v o t  
systems were e l e c t r i c a l  l y  d r i ven ,  and t he  remaining t h r e e  systems were d r i v e n  
by wate r  pressure. 
F ie1 d  co rn  y i e l d s  f o r  moderate s o i l s  w i t h  6-9 inches AWC inc reased  86 
percen t  w i t h  i r r i g a t i o n .  Lower r e l a t i v e  inc reases  o f  44 and 41  pe rcen t  were 
es t imated  f o r  s o i l s  w i t h  h igh  (9-12 inches AWC) and very  h i g h  ( o v e r  12 inches 
AWC), r espec t i ve l y .  Whi le i r r i g a t o r s  had l e s s  exper ience i r r i g a t i n g  soybeans, 
they i n d i c a t e d  soybeans do n o t  respond as d r a m a t i c a l l y  t o  i r r i g a t i o n .  Y i e l d  
increases o f  25 t o  33 percen t  p e r  ac re  were recorded f o r  t he  t h r e e  AWC 
classes. S u f f i c i e n t  da ta  was n o t  a v a i l a b l e  on a l f a l f a  hay p roduc t i on  t o  rnake 
comparable est imates f o r  t h a t  crop. 
A l i n e a r  regress ion  model was es t imated  t o  summarize t he  re1 a t i o n s  h i p  
between c o r n  y i e l  d, a v a i l  ab le  water-hol  d i  ng capac i ty ,  and the  amount o f  
r a i n f a l l  du r i ng  t he  growing season. The average corn  y i e l d  da ta  came f rom t h e  
respondents. As an t i c i pa ted ,  AWC was n o t  s i g n i f i c a n t  i n  e x p l a i n i n g  v a r i a b i l  i- 
ty i n  i r r i g a t e d  co rn  y i e l d s .  The c o e f f i c i e n t  on t he  amount o f  r a i n f a l l  du r i ng  
t he  growing season (RAIN) was s i g n i f i c a n t  a t  t he  5 percen t  l e v e l  suggest ing 
average i r r i g a t e d  y i  e l  ds increase w i t h  an inc rease  i n  average growi r ~ g  season 
r a i n f a l l  as one moves from west  t o  e a s t  across t he  study area. As 
hypothesized, bo th  AWC and RAIN were s i g n i f i c a n t  f o r  non- i  r r i g a t e d  y i  e l  ds. 
The r e l a t i o n s h i p s  i n d i c a t e  t h a t  as AWC increases, t h e  co rn  y i e l  d  
d i f f e r e n t i a l  due t o  i r r i g a t i o n  decreases. An i n s u f f i c i e n t  nurnber o f  y i e l d  
es t imates  were obta ined f o r  soybeans and a l f a l f a  t o  est i lnate comparable 
equat ions f o r  those crops. 
PROFITABILITY ANALYSIS 
Approach 
The d i  scounted cash f l  ow o r  i nte rna l  r a t e  o f  r e t u r n  method was used t o  
analyze the  p r o f i t a b i l i t y  o f  i r r i g a t i n g  c o r n  and soybeans on t h e  s o i l s  hav ing 
6 inches o r  more o f  a v a i l a b l e  water-ho l  d i  ng capac i ty .  Th i s  procedure i n v o l v e s  
c a l c u l a t i n g  t he  annual cash i n f l o w s  and ou t f lows  a t t r i b u t a b l e  t o  t he  
investment  over  t he  p lann ing  per iod.  Comparing the  cash i n f l o w s  and ou t f l ows  
f o r  each yea r  i n d i c a t e s  i f  the  investmerl t  i s  expected t o  generate enough 
addi  t i o n a l  revenue t o  cover  t he  i rlcremental ope ra t i ng  costs ,  i n t e r e s t ,  and 
p r i n c i p a l  payments. Th i s  p ro j ec ted  n e t  cash f l o w  o r  income a1 so p rov ides  t he  
b a s i s  f o r  c a l c u l a t i n g  t he  n e t  p resen t  va lue  (NPV) and the  i n t e r n a l  r a t e  o f  
r e t u r n  (IRR) o f  the  investment.  The n e t  cash f l o w  can be d iscounted by the  
minimum r a t e  o f  r e t u r n  a  producer i s  w i l l i n g  t o  accept t o  c a l c u l a t e  t he  NPV. 
I f  the  NPV i s  g r e a t e r  t han  0, t h e  investment  has a r a t e  o f  r e t u r n  g r e a t e r  t han  
t he  minimum r e t u r n  des i r ed  by t he  producer,  w h i l e  a  nega t i ve  NPV i m p l i e s  t he  
investment  has a r a t e  o f  r e t u r n  below t h e  des i red  ra te .  The I R R  i s  t h a t  
d i scoun t  r a t e  t h a t  equates t he  n e t  p resen t  va lue o f  t he  cash f l o w  stream t o  
zero. T h i s  r a t e  can be canpared t o  t he  d e c i s i o n  maker 's oppo r tun i t y  c o s t  o f  
c a p i t a l .  I f  t he  I R R  i s  l a r g e r  ( s m a l l e r )  t han  t he  oppo r tun i t y  cos t ,  t hen  t he  
investment  i s  more p r o f i t a b l e  ( l e s s  p r o f i t a b l e )  t han  t h e  o p e r a t o r ' s  
a l t e r n a t i v e  investments.  The r e s u l t s  o f  t he  a n a l y s i s  a re  presented as t he  
i n t e r n a l  r a t e  o f  r e t u r n  t o  s i m p l i f y  comparisons o f  t he  p r o f i t a b i l  i ty across 
s o i l  s i t u a t i o n s .  The reader  i s  cau t ioned  t h a t  w h i l e  t h e  i n t e r n a l  r a t e  o f  
r e t u r n  may i n d i c a t e  an i r r i g a t i o n  investment  should be p r o f i t a b l e  ove r  t he  
p lann ing  per iod,  l a r g e  negat i ve  cash f l ows  a f t e r  income tax  and l o a n  payments 
may cause l i q u i d i t y  problems f o r  opera to rs  du r i ng  p a r t  ( t y p i c a l l y  t h e  e a r l y  
yea rs )  o f  t he  p lann ing  per iod.  Unless cash i s  r e a d i l y  a v a i l a b l e  froin o t h e r  
en te rp r i ses ,  through shor t - te rm borrowing and owner savings, t h e  investment  
may n o t  be f e a s i b l e  even though i t  i s  p r o f i t a b l e .  
The a n a l y s i s  was based on a ten- tower  e l e c t r i c - d r i v e  c e n t e r  p i v o t  
i r r i g a t i o n  system. T h i s  was t he  most common system used by farmers surveyed. 
The system i r r i g a t e s  approx imate ly  130 acres w i t h  wate r  f rom a we1 1 hav ing 
approx imate ly  50 f e e t  o f  l i f t  and a pumping r a t e  o f  800 ga l l ons  pe r  minute.  
The power source i s  a  75 H.P.  e l e c t r i c  motor. 
The investment  c o s t  o f  t he  i r r i g a t i o n  system was $65,344. It was assumed 
t h e  ope ra to r  added as much t o  h i s  t o t a l  indebtedness as t he  i n i t i a l  investment  
i n  t he  system - the  modal s i t u a t i o n  f o r  farmers surveyed. The a n a l y s i s  
assumes the  l o a n  o f  $65,344 i s  amort ized over  10 years  a t  12  percen t  i n t e r e s t .  
The i n d i v i d u a l  i s  assumed t o  be i n  a combined federa l  and s t a t e  marg ina l  
i ncane t a x  b racke t  o f  40 percent.  The salvage value o f  t he  system was 
est imated t o  be $8,471 a t  t he  end of a  15-year p lann ing  hor i zon .  
The a n a l y s i s  was based on t h e  p roduc t i on  o f  a  corn-soybean r o t a t i o n  w i t h  
6 inches of wa te r  app l i ed  annual l y  t o  co rn  and 3  inches t o  soybeans. Crop 
p r i c e s  o f  $2.50 p e r  bushel f o r  co rn  and $6.00 f o r  soybeans were used. 
The i n t e r n a l  r a t e s  o f  r e t u r n  were ca l  c u l a t e d  f o r  f o u r  s o i l  t ypes  se lec ted  
from bo th  t h e  southwest and south c e n t r a l  areas. Y i e l  d  d i f f e r e n t i a l s  due t o  
i r r i g a t i o n  were c a l c u l a t e d  f o r  corn.  Soybean y i e l  ds f o r  t h e  moderate AWC s o i l s  
were assumed t o  be 35 bushels ( n o n - i r r i g a t e d )  and 45 bushels ( i r r i g a t e d ) ,  w h i l e  
f o r  h i g h  and very  h i g h  AWC s o i l s  soybean y i e l  ds were c a l c u l a t e d  a t  40 bushels  
( n o n - i r r i g a t e d )  and 50 bushels ( i r r i g a t e d ) .  Because t he  i r r i g a t i o n  survey 
i n d i c a t e d  new i r r i g a t o r s  t y p i c a l  l y  do n o t  achieve t h e  f u l l  i r r i g a t e d  y i e l d s  the  
f i r s t  two years,  i r r i g a t e d  y i e l  ds i n  years  1 and 2  were reduced t o  90 percen t  o f  
t h e  p red i c ted  values. T h i s  r e f l e c t s  t h e  l e a r n i n g  t h a t  takes p l ace  i n  t h e  s h i f t  
f rom n o n - i r r i g a t e d  t o  i r r i g a t e d  p roduc t ion .  
F i  nd i  ngs 
The i n t e r n a l  r a t e s  o f  r e t u r n  a r e  summarized f o r  t h e  e i g h t  s o i l  t ypes  i n  
Table 7.1. The r a t e s  o f  r e t u r n  f o r  i r r i g a t i o n  on moderate s o i l s  (AWC o f  6-9 
i nches )  vary  f rom 12 t o  26 percent.  The heav ie r  s o i l s  w i t h  more than  n i n e  
inches  o f  a v a i l a b l e  wate r  ho ld i ng  capac i t y  produce an i n t e r n a l  r a t e  o f  r e t u r n  
o f  be1 ow 12 percent,  suggest ing i r r i g a t i o n  would n o t  be a  p r o f i t a b l e  
investment  f o r  most producers on these s o i l s .  
A l l  o f  t he  c a l c u l a t i o n s  o f  annual n e t  cash f lows  a f t e r  income taxes  and 
1  oan repayment show some negat i ve  cash f l ows  du r i ng  t h e  l o a n  repayment per iod ,  
w i t h  t h e  l a r g e r  d e f i c i t s  assoc ia ted w i t h  t he  lower  i n t e r n a l  r a t e s  o f  r e t u r n .  
The number o f  years w i t h  a  nega t i ve  n e t  cash f l o w  v a r i e s  from 5 f o r  t h e  
Hanska-Sparta s o i l  t o  9  f o r  a  Webster-Glenco s o i l .  I r r i g a t o r s  o f  these s o i l s  
rnust be prepared t o  cover  these negat i ve  cash f lows  from o t h e r  sources i f  t he  
i nvestment i s  t o  be f i n a n c i  a1 l y  f e a s i b l e .  
The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  s e n s i t i v e  t o  changes i n  t he  s i z e  o f  
y i e l  d increases from i r r i g a t i o n ,  commodity p r i c e  l eve l s ,  i n p u t  p r i ces ,  t h e  
i n i t i a l  c o s t  o f  the  i r r i g a t i o n  systern, t h e  method o f  f i n a n c i n g  t h e  investment,  
and the  i n d i v i d u a l ' s  marginal  t a x  b racke t .  However, t he  i r r i g a t i o n  survey 
i n d i c a t e s  the  assumptions out1 i ned i n  t h i s  r e p o r t  represen t  t he  modal 
s i t u a t i o n  o f  i r r i g a t o r s  on medium- t o  coarse- tex tu red  s o i l  s i n  southern 
Minnesota. 
Table 7.1 I n t e r n a l  Rates o f  Return f o r  Typ ica l  S o i l  Types Being I r r i g a t e d  
i n  Southern Minnesota. 
Corn Y i  e l  d 
S o i l  Type 
--
AWC D i f f e r e n t i a l  I R R 
( inches ) (Bushel s )  (Percen t )  
South Cent ra l  
Hanska-Sparta 6.32 7 5 26 
M i  nnetonka 9.48 56 
C la r i on -N i co l  le t -Webster  11.40 44 
Webster-Gl enco 12.36 38 
Southwest 
C la r i on -Es the rv i l  l e  7.62 71 
E s t e l  li ne 8.40 66 
Svea-Barnes 11.40 47 
Moody-Primgar-Cani s teo  12.36 41 
V I I I .  EFFICIENT USE OF WATER FOR THE IRRIGATION OF ALFALFA 
I N  THE NORTHERN PART OF THE UPPER MIDWE ST* 
I MTRODUCTION 
The o b j e c t i v e  o f  these s tud ies  was t o  develop i n f o r m a t i o n  on so i l -wa te r -  
p l a n t  r e l a t i o n s h i p s  f o r  a l f a l f a  i n  t he  n o r t h e r n  p a r t  o f  the  upper Midwest. 
A l t e r n a t i v e  systems o f  a l f a l f a  management were t e s t e d  under i r r i g a t i o n  on bo th  
' 
coarse- and f i n e - t e x t u r e d  s o i l s ,  hav ing a  range o f  water  s torage and p r o f i l e  
c h a r a c t e r i s t i c s .  Research was conducted fran December 1, 1978, t o  September 30, 
1980, a t  Rosemount, Staples,  S t .  Paul, and Becker, Minnesota. 
PROCEDURES 
Experiment I 
A l f a l  f a - c u t t i n g  management under i r r i g a t i o n  was s tud ied,  us i ng  t he  
v a r i a b l e s  o f  v a r i e t y ,  f e r t i l i t y ,  and c u t t i n g  management. Three i r r i g a t i o n  
regimes were used based on p l a n t  consumptive wate r  use a t  va r i ous  s tages o f  
growth. D e t a i l e d  measurements o f  s o i l  and p l a n t  mo is tu re  were obtained, and 
y i e l d ,  forage q u a l i t y ,  and r o o t  d i s t r i b u t i o n  da ta  were c o l l e c t e d .  
Experiment I I 
A l f a l f a  v a r i e t a l  response t o  mo i s tu re  s t r e s s  was explored, u s i n g  v a r i e t i e s  
w i t h  va ry i ng  disease and dormancy reac t i on .  These s tud ies  were c a r r i e d  o u t  i n  
bo th  t he  greenhouse and f i e l d  under c o n d i t i o n s  o f  mo i s tu re  s t r e s s  and 
i r r i g a t i o n ,  medium s t ress ,  and h igh  s t r e s s  t o  eva lua te  d i f f e r e n c e s  i n  wa te r  use 
e f  f i  c i  ency. 
*This  s e c t i o n  summarizes t he  research o f  C r a i g  C. Shaeffer,  as r e p o r t e d  i n  a  
summary r e p o r t  on p r o j e c t  B-120-ILL submi t ted t o  U.S. Department o f  t he  
I n t e r i o r ;  and the  research o f  P.R. Car te r ,  C.C. Shaef fer ,  and W.B. Voorhees 
repo r ted  i n  "Root Growth, Herbage Y i e l  d, and P l a n t  Water S ta tus  o f  A l f a l f a  
C u l t i v a r s , "  -- Crop Sci .  22: 425-27. 
I r r i g a t i o n  schedu l ing  systems were s tud ied .  P rev ious l y  recommended f u l l  
season i r r i  ga t i o n  procedures, which were based on consumptive use, were compared 
t o  a1 t e r n a t i v e  systems. Treatments inc l l i dsd :  ( 1 )  i r r i g a t i o n  accord ing  t o  
consumptive use; ( 2 )  i r r i g a t i o n  l i m i t e d  t o  s p r i n g  and e a r l y  summer; 
( 3 )  i r r i g a t i o n  throughout  t he  growing season b u t  d iscon t inued  i n  f a l l ;  
( 4 )  i r r i g a t i o n  accord ing t o  consumptive use p l u s  a d d i t i o n a l  i r r i g a t i o n  
immedi a t e l y  f o l l o w i n g  c u t t i n g .  Y i e l  d, p l a n t ,  and s o i l  wa te r  s t a t u s  were 
c o l  l ec ted .  
Equipment and F a c i l  i t i e s  
I r r i g a t i o n  was by s o l i d - s e t  s p r i n k l e r s  on 30 ft. cen te rs  and was moni tored 
by tens iometers  and e l e c t r i c a l  r e s i s t a n c e  blocks. 
RESULTS 
Experiments conducted a t  Rosemount, Minnesota, on a s i l t  loam s o i l  
i n d i c a t e d  t h a t  i r r i g a t i o n  c o u l d  inc rease  a1 f a l f a  y i e l  ds; however, ove r  a 
th ree-year  per iod,  an inc rease  occurred i n  on l y  one year .  I r r i g a t i o n  r e s u l t e d  
i n  decreased pe rs i s tence  o f  a1 fa1 fa p a r t i c u l a r l y  when i n  combinat ion w i t h  fa1 1 
h a r v e s t i n g  and when non-winterhardy v a r i e t i e s  were used (Table 8.1). 
On a sandy loam s o i l  a t  Staples,  i r r i g a t i o n  c o n s i s t e n t l y  increased a l f a l f a  
y i e l  d. I r r i g a t e d  a1 fa1  f a  d r y  m a t t e r  y i  e l  ds were s i g n i f i c a n t l y  g r e a t e r  f o r  a1 1 
h a r v e s t  and K20 t rea tments  t han  f o r  s i m i l a r  u n i r r i g a t e d  t rea tments  (Tab le  8.2). 
F o r  most ha rves t  and K20 t reatments  t h e r e  were no d i f f e r e n c e s  i n  y i e l d  between 
t he  one-ha1 f and f u l l  checkbook i r r i g a t i o n  t reatments ,  which r e s u l t e d  i n  annual 
a p p l i c a t i o n s  o f  26 and 53 cm o f  water,  r espec t i ve l y .  
F o r  t he  u n i r r i g a t e d  treatment,  y i e l  ds f o r  t he  540 1 b K20/A t r ea tmen t  were 
s i g n i f i c a n t l y  g r e a t e r  t han  f o r  a1 1 o t h e r  K20 treatments.  The H i  ha rves t  
t rea tment  (June 15, September 1, October  15)  general  l y  had g r e a t e r  y i  e l  ds than 
t h e  ti3 t rea tment  (June 1, J u l y  15, and September 1 ) .  
W i t h i n  t he  one-ha1 f checkbook i r r i g a t i o n  t reatment ,  y i  e l  ds f o r  t h e  0  K20/A 
f e r t i l i t y  t rea tment  were no t  s i g n i f i c a n t l y  g r e a t e r  than  f o r  t h e  h i g h e s t  y i e l  d i  ng 
u n i r r i g a t e d  t rea tment  (141, 540 1b K20). F o r  t h e  ti1 ha rves t  t reatment ,  y i e l d s  
d i d  no t  increase s i g n i f i c a n t l y  as K20 f e r t i l i t y  l e v e l  increased above 180 Ib/A, 
b u t  f o r  t h e  H z  (June 1, J u l y  15, September 1, and October 15 )  and H3 h a r v e s t  
t reatments ,  t h e  540 1  b  K20/A t r ea tmen t  had g r e a t e r  y i  e l  ds than  a1 1  o t h e r  
f e r t i l i t y  t reatments .  
F o r  t h e  checkbook i r r i g a t i o n  regime, fo rage  y i e l d s  f o r  t h e  H i  h a r v e s t  
t r ea tmen t  o f  t he  360 and 540 1  b  K20/A p l o t s  were g r e a t e r  t han  f o r  t h e  
u n f e r t i l i z e d  HI ha rves t  t reatment .  Y i e l d s  f o r  t h e  360 and 540 l b  K20/A 
t rea tments  sub jected t o  t he  H2 and H3 t r ea tmen ts  were no t  d i f f e r e n t  and exceeded 
t h e  0  and 180 K20/A t reatments .  
W i t h  respec t  t o  a l f a l f a  v a r i e t a l  response t o  i r r i g a t i o n ,  r e s u l t s  o f  t h i s  
research i n d i c a t e  t h a t  a l f a l f a  c u l t i v a r s  va r y  i n  p l a n t  wa te r  p o t e n t i a l  and 
y i e l d ,  e s p e c i a l l y  when subjected t o  s o i l  m i s t u r e  s t r e s s  and t h e  d i f f e r e n c e s  
r e l a t e d  t o  r o o t  l e n g t h  and growth h a b i t .  Therefore,  i t  appears t h a t  p o t e n t i a l  
e x i s t s  f o r  improv ing  t h e  adap t ion  o f  a1 f a1  f a  t o  s o i l  wa te r  d e f i c i t s .  
CONCL US1 ONS 
The b e s t  y i e l d s  and pe rs i s t ence  o f  a l f a l f a  t h a t  were ach ieved i n  these 
s t u d i e s  under i r r i g a t i o n  can a1 so be ach ieved through t he  use o f  conven t iona l  
management p r a c t i c e s  w i t h o u t  i r r i g a t i o n .  Addi t i o n a l  research i s  necessary t o  
d e f i n e  t h e  most e f f i c i  en t  i r r i g a t i o n  s t r a t e g i e s .  These s t r a t e g i e s  were n o t  
p o s s i b l e  t o  surmise w i t h i n  t he  t ime and f i n a n c i a l  l i m i t a t i o n s  o f  t h i s  p r o j e c t .  
A p p l i c a t i o n  o f  v a r i a b l e  i r r i g a t i o n  l e v e l  s  have r e s u l t e d  i n  on ly  1  i m i  t e d  
d i f f e r e n c e s  i n  a1 fa1 f a  y i e l  d  (Table  8.3). These r e s u l t s  have been c o n s i s t e n t l y  
observed a t  t h e  c e n t r a l  Minnesota l o c a t i o n .  
There appears, however, t o  be a  p o t e n t i a l  f o r  improv ing t h e  adap t i on  o f  
a1 fa1 f a  t o  s o i l  wa te r  d e f i c i t s .  
Table 8.1. E f f e c t  o f  i r r i g a t i o n  and fa1 1  ha rves t  t rea tments  on a l f a l f a  d r y  
m a t t e r  y i e l  d  i n  1980 and on res idua l  y i e l  ds i n  1981, Rosemount, 
Minnesota. 
1980 y i  e l  ds 1981 y i e l d s  
Three October No f a l l  
r 
t a l l  
Treatment Cul t i v a r  harves ts?  15 harves ts  ha rves t  
-------------- m e t r i c  tons/ha- ------- ------- 
* 
I rri ga ted* Agate 13.2 1.3 6.4 5.7 
Ancho r 12.6 1.5 6.8 6.4 
Saranac AR 11.6 1.6 5.3 4.4 
Mean 12.5 1.5 6.2 5.5 
N o n i r r i g a t e d  Agate 8.6 1.9 7.5 6.8 
Anchor 9.4 1.9 7.2 6.6 
Saranac AR 8.5 2.4 7.7 6.2 
. . 
Mean 8.8 2.1 7.5 6.5 
L.S.D. (0.05) 1 .O 0.7 1.3 
+ ~ a r v e s t s  taken  June 1, J u l y  15, and August 31. 
fY ie l  ds f o r  two ha rves t s  as i n f l  uenced by 1980 t reatments .  
*20 cm of i r r i g a t i o n  was a p p l i e d  i n  1980; no i r r i g a t i o n  was a p p l i e d  i n  1981. 
Table 8.2. E f f e c t  o f  i r r i g a i t o n ,  h a r v e s t  and K20 f e r t i l i t  t rea tment  on d r y  
m a t t e r  y i e l d  o f  a1 f a l f a  a t  Staples,  Minnesota. 1 
K20 l e v e l  ( l b / A )  
I r r i g a t i o n  Harvest  - 
t reatment2 t reatment3 x 
U n i r r i g a t e d  H1 
H2 
H3 
- 
X 
I rri gated 
(1 /2 check- 
book) 
I rri gated 
(checkbook) 
L.S.D. (.05) = .37 i s  app rop r i a te  f o r  comparison o f  two three-way i n t e r a c t i o n  
( i r r i g a t i o n  x h a r v e s t  x K20) means w i t h i n  an i r r i g a t i o n  regime. 
l ~ a l  ues a r e  a mean f o r  two a1 fa1 f a  c u l t i v a r s .  
2 ~ r r i g a t i o n  accord ing t o  the  checkbook method r e s u l t e d  i n  t h e  a p p l i c a t i o n  o f  
53 cm o f  H20. I r r i g a t i o n  a t  1/2 checkbook r e s u l t e d  i n  a 26 cm Hz0 a p p l i c a t i o n .  
3 ~ a r v e s t  measurements: H i  = June 15, September 1, October  15; H2 = June 1, 
J u l y  15, September 1, October  15; H3 = June 1, J u l y  15, September 1.  
Table 8.3. E f f e c t  o f  i r r i g a t i o n  t rea tments  on a l f a l f a  d r y  m a t t e r  y i e l d  and 
wate r  a p p l i e d  a t  Becker, Minnesota, 1981. 
A l f a l f a  y i e l d  I r r i g a t i o n  
June 8 July 15 August 20+ Tota l  App l ied  
---------- m e t r i c  tons/ha----------- cm 
1. U n i r r i g a t e d  check 2.1 2.2 1.7 6.0 0 
2. F u l l  i r r i g a t i o n +  2.8 2.7 3.1 8.6 18.9 
3. 33% o f  f u l l  i r r i g a t i o n  2.7 2.6 2.9 8.2 7.6 
4. 66% o f  f u l l  i r r i g a t i o n  2.7 3.2 3.4 9.3 12.1 
5. F u l l  i r r i g a t i o n  o n l y  
t 
a f t e r  harves t t  2.1 2.3 1.8 6.2 4.5 
I 
6. 33% o f  f u l l  i r r i g a t i o n  
and f u l l  i r r i g a t i o n  
a f t e r  ha rves t  ++ 2.4 2.7 2.8 7.9 8.9 
Checkbook method* 2.7 3 .O 3.2 8.9 16.3 
+ Three harves ts  were taken a t  1/10 bloom. 
+ 
+ I r r i g a t i o n  t o  f i e 1  d  capac i t y  when s o i l  reached 50% AWD. So i l  mo i s tu re  l e v e l  
moni tored v i  a  neu t ron  probe. 
++Received no o r  33% o f  f u l l  i r r i g a t i o n  du r i ng  t he  growing season and f u l l  
i r r i g a t i o n  o n l y  a f t e r  harvest .  
* I r r i g a t i o n  by method o f  Werner, 1978. (Minnesota M i x .  Pub. 160). 
1X. GENERAL CONCLUSIONS 
From t h i s  s e r i e s  o f  s t ud ies  the  f o l l o w i n g  general conc lus ions  can be drawn: 
1. There a r e  many areas o f  t he  Midwest w i t h  na tu ra l  groundwater resources o f  
s u f f i c i e n t  y i e l  d  and qua1 i ty t o  suppor t  t he  development o f  i r r i g a t i o n .  I n  
a d d i t i o n ,  adequate su r f ace  wate r  resources may be devel oped f o r  i r r i g a t i o n  
development, espec ia l  l y  i n  the  southern one-ha1 f o f  t he  reg ion.  
3. So i l  mo i s tu re  models i n d i c a t e  t h a t  on l y  moderate y i e l d  response t o  
i r r i g a t i o n  can be expected on h i g h  m o i s t u r e  capac i t y  s o i l s .  On l i g h t e r  s o i l s  and 
c laypan s o i l s ,  y i e l d  response i s  s i g n i f i c a n t ,  even i n  reg ions  o f  r e l a t i v e l y  h i g h  
annual p r e c i  p i  t a t i o n .  
4. Al though i r r i g a t i o n  and dra inage on c laypan s o i l s  i n d i v i d u a l  l y  inc rease  
c o r n  y i e l  ds, t o g e t h e r  they c r e a t e  a  dramat ic  synerg i  s t i c  response. The method o f  
i r r i g a t i o n  and the  dra inage type have l i t t l e  e f f e c t  on c rop  y i e l  d. 
5. It would appear t h a t  investments  i n  i r r i g a t i o n  would n o t  be p r o f i t a b l e  
f o r  i n d i v i d u a l  fanners ope ra t i ng  on heavy s o i l s  w i t h  a v a i l a b l e  wate r -ho ld ing  
c a p a c i t i e s  o f  more than  9  inches. It does appear t o  be economical l y  wo r thwh i l e  
f o r  the  i n d i v i d u a l  fanner  ope ra t i ng  on moderate s o i l s  w i t h  a v a i l a b l e  wate r -ho ld i  ng 
c a p a c i t i e s  o f  6-9 inches o r  on c laypan s o i l s  t o  eva lua te  c a p i t a l  investments  i n  
i r r i g a t i o n  a1 ong w i t h  o t h e r  c a p i t a l  investments.  Each farm s i t u a t i o n  must be 
evaluated on i t s  own mer i t s ,  however, t a k i n g  i n t o  cons ide ra t i on  a  v a r i e t y  o f  
phys ica l  and f i  nanci  a1 f ac to r s .  
6. The b e s t  y i e l d s  and pe rs i s tence  o f  a l f a l f a  t h a t  were achieved i n  these 
s t u d i e s  under i r r i g a t i o n  can a1 so be achieved through t he  use o f  conven t iona l  
management p r a c t i c e s  w i t h o u t  i r r i g a t i o n .  It appears, however, t h a t  a  p o t e n t i a l  
e x i s t s  f o r  improv ing the  adap ta t i on  o f  a l f a l f a  t o  s o i l  wa te r  d e f i c i t s .  F u r t h e r  
research i s  needed t o  v e r i f y  these conc lus ions.  
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